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FLOW/SOOT-FORMATION INTERACTIONS IN 
NONBUOYANT LAMINAR DIFFUSION FLAMES 

Abstract 

This is the final report of a research program considering interactions between flow and 
soot properties within laminar diffusion flames. Laminar diffusion flames were considered 
because they provide model flame systems that are far more tractable for theoretical and 
experimental studies than more practical turbulent diffusion flames. In particular, understanding 
the transport and chemical reaction processes of laminar flames is a necessary precursor to 
understanding these processes in practical turbulent flames and many aspects of laminar 
diffusion flames have direct relevance to turbulent diffusion flames through application of the 
widely recognized laminar flamelet concept of turbulent dffusion flames. The investigation was 
divided into three phases, considering the shapes of nonbuoyant round laminar jet diffusion 
flames in still air, the shapes of nonbuoyant round laminar jet drffusion flames in coflowing air, 
and the hydrodynamic suppression of soot formation in laminar drffusion flames. 

The shapes (the luminous flame boundaries) of nonbuoyant round soot-containing 
hydrocarbodair laminar jet diffusion flames where observed at microgravity from color video 
images obtained on orbit in the Space Shuttle Columbia. These test conditions provided truly 
steady and nonbuoyant flames that were close to the laminar smoke point. These flames had 
larger luminous flame lengths than earlier ground-based observations at similar flame conditions: 
40% larger than the luminous flame lengths of soot-containing low gravity flames observed 
using an aircraft (KC-135) facility due to reduced effects of accelerative lsturbances and 
unsteadiness; roughly twice as large as the luminous flame lengths of soot-containing flames at 

normal gravity due to the absence of effects of buoyant mixing and roughly twice as large as 
luminous flame lengths of soot-free low gravity flames using drop tower facilities due to the 
presence of soot luminosity and possible effects of reduced unsteadiness. Simplified expressions 
to estimate the luminous flame boundaries of round nonbuoyant laminar jet diffusion flames 
were obtained using the classical analysis of Spalding (1979); this approach provided successful 
correlations of flame shapes for both soot-free and soot-containing flames, except when the soot- 
containing flames were in the opened-tip configuration that is reached at fuel flow rates that are 
either near or exceed the laminar smoke-point fuel flow rate. 

The shapes (luminous flame boundaries) of steady nonbuoyant round luminous laminar 
jet diffusion flames burning in coflowing air were studied both theoretically and experimentally. 
Flame shapes were measured from photographs of flames burning at low pressures in order to 
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minimize the effects of buoyancy, considering flames close to the laminar smoke point but not 
soot emitting. Simple expressions to estimate flame shapes were found by extending an earlier 
analysis of Mahalingam et al. (1990). These formulas provided a good correlation of the present 
measurements except near the burner exit where the self-similar approximations used in the 
simplified analysis are no longer appropriate. 

Finally, effects of flow (hydrodynamic) properties on limiting conditions needed to 
obtain soot-free laminar nonpremixed hydrocarbodair flames (laminar soot-point conditions) 
were studied emphasizing non-buoyant laminar coflowing jet diffusion flames. The experiments 
were carried out at reduced pressures to minimize effects of flow acceleration due to the 
intrusion of buoyancy. The measurements show that laminar soot-point fuel flow rates and 
flame lengths can be increased, broadening the range of fuel flow rates where the flames remain 
soot free, by increasing air coflow velocities compared to fuel flow velocities (or the adfuel 
velocity ratio) at the burner exit. Flame shape analysis shows that the mechanism of this effect 
involves the magnitude and direction of flow velocities relative to the flame sheet where 
increased aidfuel velocity ratios cause a progressive reduction of flame residence times in the 
fuel-rich soot-formation region. The range of soot-free conditions was limited by both liftoff (at 
low pressures) and the intrusion of effects of buoyancy (at high pressures). Effective 
correlations of laminar soot- and smoke-point flame lengths were also found in terms of a 
corrected fuel flow rate parameter, based on simplified analysis of laminar coflowing jet 
diffusion flame structure. These results show that laminar smoke-point flame lengths in 
coflowing air are roughly twice as long as soot-free (blue) flames at comparable conditions due 
to the presence of luminous soot particles at fuel-lean conditions as smoke-point conditions are 
approached. This is very similar to findings concerning differences between laminar smoke- and 
soot-point flame lengths of nonbuoyant flames in still environments. These results also provide 
an explanation of effects of air atomization that act to reduce soot formation in practical 
turbulent flames. 
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1. Introduction 

An investigation of soot formation in laminar diffusion flames is described emphasizing 
flow/soot-formation interactions that can be used to reduce the formation of soot in practical 
nonpremixed (diffusion) flames. The findings of the research are relevant to several problems of 
society, as follows: the particulate soot emissions from flames, the radant heat loads caused by 
combustion processes, the hazards of terrestrial and spacecraft fires, and the development of 
practical and reliable methods of computational combustion. The research was carried out in 
three phases, as follows: (1) the study of the shapes of nonbuoyant round laminar jet diffusion 
flames in still air, (2) the study of the shapes of nonbuoyant round laminar jet dffusion flames 
in coflowing air, and (3) the study of the hydrodynamic suppression of soot formation in laminar 
dlffusion flames. An evident limitation of the study, however, is that both theoretical and 
experimental considerations were limited to laminar diffusion flames. This was done because 
soot formation in flames largely occurs when the flames are diffusion flames. In addition, 
laminar flames were considered because they provide model flame systems that are far more 
tractable for both theoretical and experimental studies than more practical turbulent diffusion 
flames. This is not a significant limitation, however, because understanding the transport and 
chemical reaction processes of laminar flames is a necessary precursor to understanding these 
processes in practical turbulent flames, and because many aspects of laminar diffusion flames 
have direct relevance to turbulent diffusion flames through the application of the widely- 
recognized laminar flamelet concept of turbulent diffusion flames, see Bilger [ 11, Gore and Faeth 
[2], and references cited therein. 

Motivated by technological and public health problems, several methods have been 
developed to control the soot content and emissions of hydrocarbon-fueled flames. Among 
these, soot control methods based on fast mixing for diffusion flames are of interest because they 
avoid the operational problems of additives and premixed combustion [3-51. The objective of 
fast mixing is to minimize residence times of fuel and fuel-decomposition products at fuel-rich 
condtions so that few soot particles develop, and those that do develop do not reach large sizes 
and are readily consumed in the soot-oxidation region of the flame. The present investigation 
seeks improved understanding of fast mixing concepts based on experimental observations of 
laminar coflowing jet diffusion flames that were studied because they provide relatively tractable 
models of mixing and reaction within more practical but relatively intractable turbulent diffusion 
flames, as discussed earlier. Another advantage of the laminar coflowing jet diffusion flame 
configuration is that it has been widely used to study the soot-formation within diffusion flames, 
see Schalla and McDonald [6] ,  Schug et al. [7], Flower and Bowman [SI, Sunderland et al. [9] 
and Urban et al. [lo]. 
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Although fast mixing reduces soot-formation within diffusion flames, past studies of both 
laminar opposed and coflowing jet diffusion flames show that the way that mixing is carried out 
is important as well [ll-181. In fact, existing evidence from both laminar and turbulent diffusion 
flames, and from empirical industrial practice, suggests that soot reduction can be achieved most 
effectively by assuring that the component of velocity normal to the flame sheet is directed from 
the fuel-rich toward the fuel-lean side. This configuration, called the “soot-formation-oxidation 
flame condition” by Kang et al. [14], tends to reduce the residence times of soot precursors and 
soot at fuel-rich soot-formation conditions by drawing these materials directly through the flame 
sheet toward fuel-lean oxidation conditions. In contrast, when the component of velocity normal 
to the flame sheet is directed from the fuel-lean toward the fuel-rich side, called the “soot 
formation flame condition” by Kang et al. [14], residence times of soot precursors and soot at 
fuel-rich soot-formation conditions are enhanced, making oxidation of these materials more 
problematical when oxidation conditions are finally reached. 

Studies of effects of components of velocity normal to the flame sheet have been carried 
out in laminar opposed and coflowing jet diffusion flames [ll-181. During most of these studies 
[ll-161, velocities normal to the flame sheet were varied by varying the compositions of the 
oxidant- and fuel-carrying streams. For example, diluting the fuel stream with an inert gas (e.g., 
nitrogen) while enriching the oxidant stream by removing existing diluent (e.g., removing 
nitrogen from air) promotes increased velocities normal to the flame sheet directed from the fuel- 
rich side of the flame sheet toward the fuel-lean side and results in reduced soot concentrations in 
the flames [lo-151. As pointed out by Sunderland et al. [19], however, the composition changes 
alone are sufficient to retard soot formation and enhance soot oxidation, which tends to reduce 
soot concentrations and obscures the effect of hydrodynamics on soot control. In addition, the 
practical utility of varying reactant-stream compositions to control soot formation in diffusion 
flames is somewhat questionable. 

The present investigation sought a direct evaluation of the effect of velocities normal to 
the flame sheet on soot formation in diffusion flames by considering pure air and pure fuel 
reactant streams for laminar coflowing jet diffusion flames. In this configuration, enhanced 
(retarded) air stream velocities provide entrainment velocities normal to the flame sheet directed 
from the fuel-rich (fuel-lean) side of the flame toward the fuel-lean (fuel-rich) side of the flame, 
which should reduce (enhance) the formation of soot within the flame, and correspondingly tend 
to reduce (increase) the degree of soot emission from the flame. 

In order to gain insight concerning the way that retarded (enhanced) fuel stream 
velocities affect soot formation in laminar coflowing jet diffusion flames, the study proceeded in 
three phases as noted earlier. In the first two phases, theoretical and experimental studies of 
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flame shape were undertaken, to help define the way that retarded fuel-stream velocities reduce 
soot concentrations, and thus soot emissions, from diffusion flames. Given this background, 
observations of the soot properties within coflowing jet diffusion flames were undertaken in 
order to directly indicate the effect of retarded fuel stream velocities on the soot properties of 
flames. 

The present description of the research is relatively brief. Additional details can be found 
in the archival publications, the papers, the conference proceedings, and the reports resulting 
from the investigation that are summarized in Table 1. This table also provides a summary of 
invited and contributed oral presentations of the research results, honors and awards obtained 
during the grant period, and the individuals who participated in the investigation. Finally, for 
convenience, several articles resulting from the research are reproduced in the appendices, as 
follows: Lin and Faeth [20] in AppenQx A, Lin et al. [21] in Appendix B, Dai and Faeth [22] in 
Appendix C, Urban et al. [23] in Appendix D, and Xu et al. [24] in Appendix E. 

Table 1. Summary of Investigation' 

Archival Publications (articles and book chapters): 

Z. Dai and G.M. Faeth (2000) Hydrodynamic suppression of soot formation in laminar 
coflowing jet diffusion flames. Proc. Combust. Inst. 28,2085-2092. 

G.M. Faeth (2001) Gaseous laminar and turbulent diffusion flames. Microgravity Combustion 
Science (H.D. Ross, ed.), Academic Press, New York, Chapt. 3, pp. 83-182. 

G.M. Faeth, G. Roth, and M. Gunderson (1998) Pollutant emissions from combustion processes 
of mobile power and propulsion systems. Modem Developments in Propulsion and Combustion 
(G.D. Roy, ed.), Taylor & Francis, Washington, D.C., pp. 359-406. 

K.-C. Lin and G.M. Faeth (1996) Hydrodynamic suppression of soot emissions in laminar 
diffusion flames. J. Prop. Power 12, 10-17. 

K.-C. Lin and G.M. Faeth (1996) Effects of hydrodynamics on soot formation in laminar 
opposed-jet diffusion flames. J.  Prop. Power 12,691-698. 

K.-C. Lin and G.M. Faeth (1998) Structure of laminar permanently-blue opposed-jet ethylene- 
fueled diffusion flames. Combust. Flame 1 15,468-480. 
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K.-C. Lin and G.M. Faeth (1999) Shapes of nonbuoyant round luminous laminar jet Qffusion 
flames in coflowing air. AZAA J.  37,759-765. 

K.-C. Lin and G.M. Faeth (2000) State relationships of laminar permanently-blue opposed-jet 
hydrocarbon-fueled ddfusion flames. Znt. J. Environ. Combust. Tech. 1 , 53-79. 

K.-C. Lin, G.M. Faeth, P.B. Sunderland, D.L. Urban and Z.-G. Yuan (1999) Shapes of 
nonbuoyant round luminous hydrocarbodair laminar jet diffusion flames. Combust. Flame 116, 
415-43 1. 

D.L. Urban, Z.-G. Yuan, P.B. Sunderland, G.T. Linteris, J.E. Voss, K.-C. Lin, Z. Dai, K. Sun 
and G.M. Faeth (1998) Structure and soot properties of nonbuoyant ethylene/air laminar jet 
diffusion flames. AL4A J. 36, 1346-1360. 

D.L. Urban, Z.-G. Yuan, P.B. Sunderland, K.-C. Lin, 2. Dai and G.M. Faeth (2000) Smoke-point 
properties of nonbuoyant round laminar jet diffusion flames. Proc. Combust. Znst. 28, 1965- 
1972. 

F. Xu, Z. Dai and G.M. Faeth (2002) Flame shapes of nonbuoyant laminar jet diffusion flames. 
AZAA J. 40,2439-2446. 

Papers and Conference Proceedings: 

Z. Dai and G.M. Faeth (2000) Soot and smoke-point properties of laminar coflowing jet 
diffusion flames. Proceedings of the Spring Technical Meeting, Central States Section, The 
Combustion Institute, Pittsburgh, PA, pp. 39-44. 

Z. Dai and G.M. Faeth (2000) Shapes of nonbuoyant laminar jet diffusion flames at soot- and 
smoke-point conditions. Proceedings of Spring Technical Meeting 2000, Canadian Section of the 
Combustion Institute, Ottawa, pp. 22-1 to 22-6. 

Z. Dai, F. Xu and G.M. Faeth (2001) Shapes of soot-free hydrocarbodair laminar coflowing jet 
diffusion flames. 39* Aerospace Sciences Meeting, Reno, NV, AIAA Paper No. 2001-0322. 

G.M. Faeth (1999) The structure, optical and radiative properties of soot in flame environments: 
a review. Proceedings of the 5th ASMWJSME Joint T h e m 1  Engineering Conference, San 
Diego, CA, Paper No. AJTE99-6530. 
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G.M. Faeth (1999) Flame-flow interactions during combustion of gases. 52"d Annual Meeting, 
American Physical Society, Division of Fluid Dynamics, New Orleans, LA, Bulletin of the 
American Physical Society, Vol. 44, No. 8, p. 129. 

G.M. Faeth and Z. Dai (1999) Flow/soot-formation interactions in nonbuoyant laminar diffusion 
flames. Fifth Intemtional Microgravity Combustion Workshop, NASNCP- 1999-2089 17, pp. 
483-486. 

K.-C. Lin and G.M. Faeth (1994) Effect of reactant stream velocities on soot formation within 
laminar coflowing jet diffusion flames. Proceedings of the Spring Technical Meeting, Central 
States Section, The Combustion Institute, Pittsburgh, PA, pp. 281-286. 

K.-C. Lin and G.M. Faeth, Effects of coflow on soot formation in laminar jet Qffusion flames. 
Twenty-FifCh Symposium (International) on Combustion, Book of Poster Abstracts, The 
Combustion Institute, Pittsburgh, PA. 

IC.-C. Lin and G.M. Faeth (1995) Hydrodynamic suppression of soot emissions in laminar 
diffusion flames. 33rd AIAA Aerospace Sciences Meeting, Reno, NV, AIAA Paper No. 95- 
0375. 

K.-C. Lin and G.M. Faeth (1995) Effects of hydrodynamics on soot formation in hydrocarbon- 
fueled laminar opposed jet diffusion flames. Proceedings of the Full Technical Meeting, Eastern 
Section of the Combustion Institute, Pittsburgh, PA, pp. 423-426. 

K.-C. Lin and G.M. Faeth (1996) Structure of laminar permanently-blue opposed-jet 
hydrocarbon-fueled diffusion flames. Proceedings of the Spring Technical Meeting, Central 
States Section, The Combustion Institute, Pittsburgh, PA, pp. 110-115. 

K.-C. Lin and G.M. Faeth (1996) Structure and state relationships for laminar soot-free 
hydrocarbon-fueled diffusion flames Proceedings of Fall Technical Meeting, Eastern Section of 
the Combustion Institute, Pittsburgh, PA, pp. 429432. 

K.-C. Lin and G.M. Faeth (1997) Generalized state relationships of laminar permanently-blue 
opposed-jet hydrocarbon-fueled diffusion flames. Proceedings of Full Technical Meeting, 
Eastern Section of the Combustion Institute, Pittsburgh, PA, pp. 187-190. 
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K.-C. Lin and G.M. Faeth (1999) Flame shapes of laminar nonbuoyant coflowing jet diffusion 
flames. Proceedings of the Joint Meeting of the United States Sections, The Combustion 
Institute, Pittsburgh, PA, pp. 336-339. 

K.-C. Lin, G.M. Faeth, P.B. Sunderland, D.L. Urban and 2,-G. Yuan (1998) Shapes of 
nonbuoyant luminous hydrocarbodair laminar jet diffusion flames. Proceedings ofthe Spring 
Technical Meeting, Central States Section of the Combustion Institute, Pittsburgh, PA, pp. 357- 
362. 

K.-C. Lin, G.M. Faeth, P.B. Sunderland, D.L. Urban and Z.-G. Yuan (1998) Shapes of 
nonbuoyant round luminous hydrocarbodair laminar jet diffusion flames. Twenty-Seventh 
Symposium (International) on Combustion, Book of Poster Abstracts, The Combustion Institute, 
Pittsburgh, PA. 

D.L. Urban, 2.-G. Yuan, P.B. Sunderland, G.T. Linteris, J.E. Voss, K.-C. Lin, Z. Dai, K. Sun 
and G.M. Faeth (1998) Structure and soot properties of nonbuoyant ethylene/air laminar jet 
diffusion flames. 36th Aerospace Sciences Meeting, Reno, NV, AIAA Paper No. 98-0568. 

D.L. Urban and G.M. Faeth (2001) Soot research in combustion science: introduction and review 
of current work. 39* Aerospace Sciences Meeting, Reno, NV, AIAA Paper No. 2001-0322. 

2. Dai and G.M. Faeth (2000) Soot and smoke-point properties of plane laminar jet diffusion 
flames. Proceedings of the Spring Technical Meeting, The Canadian Section, The Combustion 
Institute, Ottawa, pp. 3 9 4 .  

F. Xu, Z. Dai and G.M. Faeth (2001) Suppression of soot formation and shapes of laminar jet 
diffusion flames. Proceedings of the Sixth International Microgravity Combustion Workshop, 
NASA/CP-200 1-2 10826, pp. 169- 172. 

Reports: 

K.T. Aung, M.I. Hassan, S.S .  Krishnan, K.-C. Lin, F. Xu and G.M. Faeth (2001) Soot formation 
in freely-propagating laminar premixed flames. Report No. GDLIGMF-01-01, Department of 
Aerospace Engineering, The University of Michigan, Ann Arbor, MI. 

2. Dai, K.-C. Lin, P.B. Sunderland, F. Xu and G.M. Faeth (1997) Laminar soot processes (LSP). 
Report No. GDUGMF 97-01, Department of Aerospace Engineering, The University of 
Michigan, Ann Arbor, MI. 
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2. Dai, A.M. El-Leathy, K.-C. Lin, P.B. Sunderland, F. Xu and G.M.. Faeth (2000) Laminar soot 
processes (LSP). Report No. GDL/GMF-O0-03, Department of Aerospace Engineering, The 
University of Michigan, Ann Arbor, MI. 

Z. Dai, A.M. El-Leathy, C.H. Kim, S.S. Knshnan, K.-C. Lin, F. Xu and G.M. Faeth (2002) 
Laminar soot Processes. Report No. GDWGMF-02-03, Department of Aerospace Engineering, 
The University of Michigan, Ann Arbor, MI. 

Oral Presentations (Invited): 

G.M. Faeth (1997) Soot growth in laminar premixed and diffusion flames. UIC Spring Seminar 
Series, University of Illinois-Chicago, Chicago, IL. , 

G.M. Faeth (1997) Laminar soot processes. 4th International Microgravity Combustion 
Workshop, NASA Glenn Research Center, Cleveland, OH, 

G.M. Faeth (1997) LSP science results. CM-1 Awards Ceremony, NASA Glenn Research 
Center, Cleveland, OH, 

G.M. Faeth (1997) Structure and soot formation processes of premixed flames. Graduate 
Research Seminar, School of Mechanical Engineering, Purdue University, West Lafayette, IN. 

G.M. Faeth (1997) Academic perspectives on combustion research in the 21st century. ASME, 
Winter Annual Meeting, Houston, TX. 

G.M. Faeth (1998) Space shuttle observations of soot-containing round laminar jet diffusion 
flames. Mechanical Engineering Seminar, University of Connecticut, Storrs, CT. 

G.M. Faeth (1998) Soot formation in laminar premixed flames. Mechanical Engineering 
Seminar, The Pennsylvania State University, University Park, PA. 

G.M. Faeth (1999) Structure, optical and radiative properties of soot in flame environments: a 
review. 5th ASWJSME Joint Thermal Engineering Conference, San Diego, CA. 
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2. Shapes of Round Laminar Jet Diffusion Flames in Still Air 

2.1 Introduction 

In order to understand flow/soot-formation interactions it is necessary to understand the 
flame structure. Work toward this objective was begun with the simplest flow condition; 
namely, nonbuoyant round laminar jet diffusion flames with combustion of the fuel in still air. 
As noted earlier, diffusion flames are of interest because soot formation in practical flames is 
generally observed in nonpremixed (diffusion) flames. Laminar diffusion flames also merit 
study because understanding laminar flames is a necessary precursor to understanding turbulent 
and many aspect of laminar diffusion flames have direct relevance to turbulent diffusion flames 
through application of the laminar flamelet concept of turbulent diffusion flames [1,2]. 

Observation of nonbuoyant round laminar jet diffusion flames involving combustion of a 
fuel jet in still air were obtained at microgravity on board the orbiting Space Shuttle Columbia. 
The present study specifically considered the shapes (the luminous flame boundaries) of laminar 
diffusion flames, which is a flame property that has attracted numerous investigations since the 
classical study of Burke and Schumann [25]. A concern about observations of laminar diffusion 
flames at normal gravity, however, involves the intrusion of disturbances due to buoyancy 
because they are not relevant to practical diffusion flames, which generally are not significantly 
buoyant due to their large velocities. Thus, the present study exploited the long-term 
microgravity environment of an orbiting space shuttle. The present objectives were to document 
these observations and to employ simplified analysis of nonbuoyant laminar jet diffusion flames 
in order to help interpret and correlate the measurements. 

Past measurements of the shapes of nonbuoyant laminar jet diffusion flames in still air 
have used either drop tower [26-351 or aircraft [36] facilities to provide low gravity 
environments. The earliest work along these lines was a series of studies of hydrocarbon fueled 
laminar jet diffusion flames using a 2.2s free-fall (drop tower) due to Cochran and coworkers 
[26-281. Observations of transient development of flame length and questions about the 
relationships between the boundaries of soot luminosity and the flame sheet (where the local 
mixture fraction is stoichiometric), however, raised concerns about these results. 

Subsequent studies due to Bahadori and coworkers [29-343 sought to resolve potential 
effects of transient flame development and soot luminosity on measurements of the shape of 
nonbuoyant round laminar jet diffusion flames using both 2.2 and 5.2s drop towers. 
Unfortunately, the temperature fields and the radiation emission properties of their flames were 
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still changing at the end of 5.2s free-fall periods for the conditions they considered, implying that 
transient effects had still not fully relaxed during the available microgravity test time. 

Sunderland et al. [35] considered the luminous flame lengths of nonbuoyant soot- 
containing round laminar jet diffusion flames as part of a study of the laminar smoke point 
properties of nonbuoyant laminar diffusion flames using a KC-135 aircraft facility that provided 
roughly 20s at low gravity conditions. Unfortunately, the facility provided a disturbed low- 
gravity environment (with significant g-jitter) with the accompanying unsteady effects 
influencing both flame shapes and laminar smoke point properties [35]. 

More recently, Sunderland et al. [36] sought to avoid problems of both unsteadiness and 
soot luminosity by measuring the shapes of soot-free round laminar jet diffusion flames using the 
2.2s drop-tower facility. Ambient pressures, jet exit diameters and fuel flow rates were 
controlled to provide soot-free (blue) flames having small characteristic flame residence times so 
that unsteady effects were potentially minimized. These tests for soot-free flames yielded shorter 
flame lengths than corresponding soot-containing flames but limited flame development times at 
microgravity conditions still introduced uncertainties about potential effects of transient flame 
development. 

Several models of nonbuoyant round laminar jet diffusion flames in still environments, of 
varying complexity, have appeared in the literature [37-43]. Among these, the analysis of 
Spalding [39], (which is described in some detail by Kuo [40]) offers a potentially simple and 
robust method of estimating the shapes of steady nonbuoyant round laminar jet diffusion flames. 
Nevertheless, modifications of this approach to deal with soot-containing flames (as opposed to 
soot-free flames), the capabilities of this approach to treat all flame shape properties (as opposed 
to simply luminous flame lengths), and the performance of this approach for truly steady and 
nonbuoyant round laminar jet diffusion flames, are all issues that need to be addressed. 

In view of these observations, the objectives of this phase of the investigation were to 
consider nonbuoyant round laminar jet diffusion flames in still air, as follows: 

1. Measure the luminous flame boundaries for various fuel types, jet exit diameters, jet exit 
flow rates (Reynolds numbers) and ambient pressures. 

2. Compare present measurements with earlier ground-based observations at similar burner 
conditions in order to quantify effects of transient flame development, flow disturbances (g- 
jitter), soot luminosity, and buoyancy on flame shape properties. 
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3. Exploit the measurements in order to evaluate the simple flame shape analysis of Spalding 
[39] and develop this approach to provide convenient correlations of flame shape 
measurements for use by others. 

The present observations were limited to soot-containing ethylene- and propane-fueled flames 
burning in still dry air, at conditions near the laminar smoke point, with the test apparatus at 
microgravity conditions on board the orbiting Space Shuttle Columbia in order to provide truly 
steady and nonbuoyant flame conditions. 

2.2 Experimental Methods 

Experimental methods will only be briefly described, see Urban et al. [lo] for more 
details. A sketch of the test apparatus appears in Fig. 1. The laminar jet diffusion flames were 
stabilized at the exit of round fuel nozzles injecting along the axis of a windowed test chamber 
(400 mm diameter and 700 mm length), denoted the Combustion Model (CM-1) test facility on 
board Space Shuttle Columbia during Space Shuttle flights STS-83 and 94. The chamber was 
filled with 02/N2 mixtures to provide the nominal composition of dry air (21 +- 1% 0 2  by 
volume) at pressures of 35-130 kPa. The properties of the air surrounding the flame changed 
only moderately as combustion proceeded (02  consumption never exceeded 2% by volume). 
Fuel nozzles having exit diameters of 1.6 and 2.7 mm were considered, with the flames ignited 
by a retractable hot wire ignitor. 

Several measurements were made to monitor flame operation: fuel flow rate, fuel 
temperature, chamber pressure, and chamber temperature. Flame shapes were obtained from a 
standard color CCD video camera operating at a rate of 30 images per second. Test conditions 
involved dry air, ambient temperatures and pressures of 300 K and 35-130 kPa, jet exit diameters 
of 1.6 and 2.7 mm, jet exit velocities of 170-1630 d s ,  jet exit Reynolds numbers of 46-172, 
and luminous flame lengths of 15-63 mm. See Table 2 for a summary of test conditions. 
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Figure 1. LSP test apparatus for observations of round laminar jet diffusion flames in still air. 

1 From Urban et al. (1998). 
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Table 2. Summary of space shuttle test conditions (STS-83 and 94)a 

C2H4 flames, d=66 mm: 

0 lE* 

03E* 

01E 

02E 

03E 

04E 

14E 

15E 

16E 

17E 

100 

50 

100 

50 

50 

65 

80 

100 

65 

35 

1.84 

1.84 

0.71 

0.76 

1.29 

0.91 

0.67 

0.61 

0.74 

1.34 

820 

1630 

320 

670 

1140 

620 

370 

270 

5 10 

1690 

C2H4 flames, d=2.7 mm: 

05E 65 1.14 

06E 80 1.16 

07E 100 1.08 

08E 50 1.38 

C,H, flames, d=1.6 mm: 

09P 130 0.78 

10P 50 1.82 

11P 65 1.22 

12P 100 0.88 

13P 80 1.04 

18P 80 0.82 

19P 100 0.71 

270 

230 

170 

430 

170 

1020 

530 

250 

370 

290 

200 

~ ~~ 

aOIE* and 02E* were carried out on STS-83; all other tests were carried out on STS-94. AI1 
tests involved combustion in still air at 300 K. Z,, = 0.0636 and 0.0602 for ethylene and propane 
diffusion flames burning in air. 
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2.3 Theoretical Methods 

The goal of the analysis was to find a set of easily used equations, along with 
recommendations for selecting physical properties appearing in the equations, to help interpret 
and correlate flame shape measurements. The basis of this approach was the simplified analysis 
of round nonbuoyant laminar jet diffusion flames in still environments due to Spalding [39]. 
The major assumptions of this analysis are as follows: (1) steady, axisymmetric laminar jet 
diffusion flames, (2) effects of buoyancy are negligible, (3) smalI Mach numbers, (4) large flame 
aspect ratio so that streamwise molecular transport is negligible, (5) solution of governing 
equations approximated by far field condition with effects of source disturbances small, (6) thin 
flame sheet, (7) equal diffusivities of all species, (8) all physical properties constant, and (9) 
effects of flame radiation are small. See Lin et al. [21] for justification of these assumptions. 

Solution of the governing equations yields the following equations after introducing a 
virtual origin at a distance of Lo from the jet exit and an empirical coefficient, C,, to treat effects 
of soot luminosity: 

(L,L,)/d = C&ReSc/Z,, (1) 

where C, = 3/32 for round laminar jet diffusion flames in a still environment. The corresponding 
expression for the luminous flame diameter becomes: 

where 

Transport properties affect Eqs. (1)-(3) through the Schmidt number and the viscosity used to 
compute the Reynolds number. It was found that a reasonable correlation of luminous flame 
lengths could be obtained by approximating these properties by the properties of air at the 
average of the adiabatic flame temperature and the ambient temperature. This approach seems 
reasonable because air-like gases dominate the composition of the present flames. The 
properties needed to find Sc and the mean air viscosity were taken from Braun et al. [44], 
however, Sc = 0.76 for present conditions which will be used in the following predictions. 
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2.4 Results and Discussion 

Flame Appearance. Ignition conditions were established during ground-based tests at 
microgravity and involved fuel flow rates greater than values used during the flame tests. Thus, 
after ignition, fuel flow rates were reduced to conditions near but generally smaller than the 
laminar smoke fuel flow rates. Exceptions to th s  practice were tests 01E*, 03E* and 01E that 
were soot emitting. After the fuel flow rate was set, an additional 5-10s was required for 
disturbances to decay away. The flames were then observed during an 80-180s quasi-steady 
burning period where flame shapes and colors changed slowly due to modest variations of 
properties within the test chamber, see Urban et al. [lo], for typical records of chamber gas 
properties as a function of time. Flame shape video records were obtained near the start of the 
quasi-steady burning period; therefore, the test conditions correspond to the nominal conditions 
summarized in Table 1. Typical flame images can be found in Urban et al. [10,23] and Lin et al. 
1211. 

Typical of many past observations of soot-containing nonbuoyant laminar jet diffusion 
flames [30-361, present flame shapes could be grouped into closed-tip and open-tip 
configurations, with open tip configurations associated with near laminar smoke point conditions 
at large characteristic flame residence times. Such conditions cause radiative quenching at the 
flame tip which results in tip opening. Remarkably, however, tip opening did not have a major 
effect on flame shapes except very near the flame tip. 

Flame Lengths. Measured and predicted luminous flame lengths of the present round 
nonbuoyant laminar jet diffusion flames are illustrated in Fig. 2. These results are plotted as 
suggested by Eq. (1). Results are shown for all the test conditions summarized in Table 2, with 
non-soot-emitting (non-sooting) and soot-emitting (sooting) flames denoted by closed and open 
symbols, respectively. Finally, plots of Eq. (1) for LJd = -3.2 and C, = 1.00 (denoted theory) and 
the best-fit correlation of the present data at laminar smoke point condtions, C, = 1.13 (denoted 
correlation) are also shown on Fig. 2 for comparison with the measurements. The comparison 
between measurements and predictions is remarkably good in view of the approximate nature of 
the theory. Finally, the predictions confirm a measured linear relationship between the fuel flow 
rate and flame length, for given burner conditions, and negligible effects of pressure on flame 
lengths. A surprising feature of these results, however, is that emission of soot, with 
corresponding tip opening, does not have a large effect on flame length compared to nonsooting 
laminar smoke point conditions. 

Several additional experimental determinations of flame lengths are plotted along with 
the present measurements in Fig. 3. All these results involve laminar jet dffusion flames in still 
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Figure 2. Measured and predicted luminous flame lengths of nonbuoyant hydrocarbon/air 
laminar jet diffusion flames in still air as a function of ReScE,,. From Lin et al. (1999). 
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Figure 3. Measured and predicted luminous flame lengths of laminar jet diffusion flames in still 
air as a function of ReSc/Z,,: correlation of measurements of soot-free (blue) flames from 
Sunderland et al. (1998), correlation of measurements of KC-135 flames obtained from 
Sunderland et al. (1994), measurements (symbols) and correlation of normal gravity flames from 
Urban et al. (1998) and correlation of LSP flames. From Lin et al. (1999). 
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air. The results show that g-jitter for the KC-135 tests, lack of soot luminosity for the weakly 
buoyant (b1ue)flame data, and effects of buoyancy for soot-containing flames at normal gravity, 
appreciably shorten flame lengths for given values of ReScE,,. 

Comparisons of predicted and measured flame diameters appear in Lin et al. [21] and will 
not be reconsidered here. In general, measured and predicted maximum flame diameters were in 
reasonably good agreement. These results show that flame diameters are proportional to the jet 
exit diameter but independent of the burner flow rate, whereas, flame lengths are proportional to 
the burner flow rate but independent of the burner diameter; therefore, rather unusual long 
narrow laminar jet diffusion flames can be created using large fuel flow rates with small burner 

I 

I diameters. 

Predicted and measured flame shapes were compared as a final step in the evaluation of 
the simplified Spalding [39] analysis of Eqs. (1)-(3). This comparison is shown in Fig. 4 for 
some typical closed-tip flames, with the radial position of the luminous flame boundary plotted 
directly as a function of streamwise distance. The agreement between measurements and 
predictions is seen to be excellent for Tests 03E and 16E. The comparison between 
measurements and predictions is not quite as good for Test 18P near the flame tip, however, 

open tip flames, see Lin et al. [21]. 

I because this flame tends toward open tip behavior. Similar problems are encountered for other I 

2.5 Conclusions 

The major conclusions of the present study are as follows: 

I 1. 

I 

2. 

I 

The present soot-containing luminous flames had larger luminous flame lengths than earlier 
ground-based observations: 40% larger than the luminous flame lengths of soot-containing 
nonbuoyant flames observed using an aircraft (KC-135) facility due to reduced effects of 
gravitational disturbances (g-jitter), roughly twice as large as the luminous flame lengths of 
soot-containing buoyant flames at normal gravity due to the absence of effects of buoyant 
mixing, and roughly twice as large as the luminous flame lengths of soot-free nonbuoyant 
flames observed by Sunderland et al. [35] using drop tower facilities due to the presence of 
soot luminosity and possible reduced effects of unsteadiness. 

Similar to earlier observations of soot-containing nonbuoyant laminar jet diffusion flames 
[28-341, present luminous flame shapes could be grouped into closed-tip and opened-top 
configurations, which were observed for fuel flow rates smaller and larger than the laminar 
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smoke point fuel flow rate, respectively. Blunt-tipped flames were also observed as fuel 
flow rates approached the tip-opening condition. 

The simplified theoretical analysis of nonbuoyant laminar jet diffusion flames due to 
Spalding [39] yielded excellent correlations of the luminous flame shapes of closed-tip 
soot-containing and soot-free flames upon adjusting an empirical flame length parameter to 
account for the fact that flame luminosity ends at the location of soot consumption and at 
the location of the stoichiometric flame sheet along the axis of soot-containing and soot- 
free flames, respectively. Nevertheless, the slopes of the flame length correlations in Fig. 3 
differed by roughly a factor of 2 for nonbuoyant soot-free (blue) and soot-containing (near 
the laminar smoke point limit) flames. This difference is consistent, however, with the 
ratios between luminous flame lengths and stoichiometric lengths for soot-containing 
flames reported previously [36]. 

4. Remarkably, the simplified theoretical analysis of nonbuoyant laminar jet diffusion flames 
due to Spalding [39] fortuitously still yields reasonably good predictions of luminous flame 
shapes for soot-containing nonbuoyant opened-tip flames as well as for conventional 
buoyant flames, after appropriate selections of empirical flame length parameters. Thus, 
taken together, the simple formulation of Eqs. (1)-(3) exhibits encouraging potential to 
correlate the luminous flame boundaries of laminar jet diffusion flames that should be 
useful for designing imaging systems for nonintrusive measurements of flame properties. 

5. Based on the present correlations of luminous flame boundaries for nonbuoyant laminar jet 
diffusion flames, luminous flame lengths increase linearly with fuel flow rate but are 
relatively independent of jet exit diameter and pressure, whereas maximum luminous flame 
diameters increase linearly with jet exit diameter but are relatively independent of fuel flow 

rate and pressure. Both dimensions, however, are proportional to the stoichiometric 
mixture fraction, although this parameter was not varied sufficiently during the present 
experiments to test predictions of this trend. 



24 

3. Shapes of Round Laminar Jet Diffusion Flames in Coflowing Air 

3.1 Introduction 

The objective of this phase of the investigation was to extend the results just discussed in 
Section 2 to consider nonbuoyant round laminar jet diffusion flames in coflowing air. This 
work was prompted by the widespread use of this configuration to study the structure and soot 
formation processes of laminar diffusion flames, see Refs. 6-9 and references cited therein. 
Similar to the approach used in Section 2 for flames in still air, a way to correlate flame shape 
was sought, convenient for use by others, based on simplified analysis of nonbuoyant round 
laminar coflowing jet dffusion flames. 

Even though the classical study of Burke and Schumann [28] addressed the shapes of 
laminar coflowing jet diffusion flames (for the limiting condtions where initial fuel and oxidant 
velocities were the same and the flow was in a bounded duct) there has been relatively little 
subsequent consideration of this problem. Exceptions include the theoretical studies of Williams 
[45] and Mahalingam et al. [46], which extended the Burke and Schumann [28] analysis to treat 
flames where the outer coflowing stream was unbounded. During this phase of the present 
investigation, the simple self-similar analysis of Mahalingam et al. [46] was further developed to 
provide a theoretical basis for correlating the shapes of nonbuoyant round laminar jet diffusion 
flames in coflowing air, analogous to the use of the simplified analysis of Spalding [29] to 
provide a theoretical basis for correlating the shape of nonbuoyant round laminar jet diffusion 
flames in still air by Lin et al. [21]. 

Based on the previous observations, the objectives of this portion of the investigation 
were to consider the shape properties of nonbuoyant round laminar jet diffusion flames in 
coflowing air, as follows: 

1. 

2. 

3. 

Measure the lengths, diameters and shapes of the flames for various fuel types, coflow 
velocities, jet exit flow rates and ambient pressures. 

Compare present measurements with earlier findings for similar flames in still air, e.g., the 
flames observed by Lin et al. [21], to help quantify effects of coflow on flame-shape 
properties. 

Exploit the new measurements to develop a correlation for the shapes of laminar jet diffusion 
flames in coflowing air, convenient for use by others, analogous to the approach of Lin et al. 
[21] for laminar jet diffusion flames in still air. 
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The present observations were limited to weakly-buoyant soot-containing acetylene-, propylene- 
and 1,3 butadient-fueled laminar jet diffusion flames in coflowing air. Similar to Lin et al. [21], 
present measurements were limited to conditions near the laminar smoke point except for some 
preliminary observations to study the effect of the approach to the laminar smoke point on flame 
shapes. 

3.2 Experimental Methods 

Experimental methods will only be briefly described, see Lin and Faeth [20] for more 
details. Effects of buoyancy were controlled based on the observation that the governing 
equations for laminar coflowing jet diffusion flames scale with pressure to yield an effective 
gravitational acceleration, g, = p’g, with p in atm [47]. Thus, flames at pressures on the order of 
0.1 atm have effective gravitational accelerations on the order of 0.01 g, and exhibit relatively 
weak effects of buoyancy for typical burner exit and coflow velocities. 

A sketch of the test apparatus appears in Fig. 5. The burner was a coaxial tube 
arrangement with fuel flowing from an inner port (6 mm in diameter) and air flowing from an 
outer port (60 mm in diameter). The burner operated at low pressures within a windowed 
chamber. Fuel and air were supplied from metered sources whereas combustion products were 
removed using the laboratory vacuum system. The flames were ignited by a hot wire that could 
be manually moved out of the flow field once the flames were stabilized. The air coflow 
velocity remained constant at jet exit conditions for the region where flames were present, 
providing a constant velocity ambient air flow. 

Several measurements were made to monitor flame operation: fuel flow rate, air coflow 
rate, chamber pressure and fuel and air supply temperatures. Dark field photographs of the 
flames were obtained using a 35 mm reflex camera. The problem of acetone contaminating 
acetylene in cylinders, noted by Hamins et al. [48], was small compared to experimental 
uncertainties of flame shapes. Test conditions varied for the three fuels that were considered and 
are summarized in Table 3. 
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Figure 5. Test apparatus of observations of laminar jet diffusion flames in coflowing air. From 
Lin and Faeth (1996). 
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Table 3. Summary of coflowing jet diffusion flame testsa 

Parameter Acetylene Propylene 1,3 Butadiene 

Fuel flow rate, mg/s 

Re (-)b 

~ , J % , o  (-1 

zs, (-) 

0.94-5.90 1.53-4.08 0.74-2.71 

19-121 38-101 18-66 

0.22- 12.03 0.29-6.99 0.77-32.45 

0.0704 0.0636 0.0667 

aReactant temperatures of roughly 300 K with ambient pressures of 19-50 Wa. 
bBased on jet exit properties, see Lin and Faeth [20] for properties used. 

3.3 Theoretical Methods 

The assumptions for analysis of nonbuoyant round laminar jet diffusion flames in coflow 
were the same as those used by Lin et al. [21] for flames in still air, except for the obvious 
change of coflow velocity. In addition, the streamwise velocity defect 

u, = u,,-u (4) 

was assumed to be small, similar to the approximate analysis of wakes due to Schlichting [49]. 
See Lin et al. [20] for justification of all the assumptions and the details of the analysis. 

Solution of the governing equations yields the following equations after introducing a 
virtual origin, etc., similar to the analysis of flames in still air. The luminous flame length 
becomes 

(LrL,)/d = C&ReSc/Zs, (5 )  

where C, = 1/16 for round laminar jet diffusion flames in a coflowing environment. The 
corresponding expression for the luminous flame diameter becomes: 
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where 

Transport properties in these equations were found in the same manner as results given by Eqs. 
(1)-(3) for flames in a still environment. Remarkably, flame length is independent of coflow 
velocity and is 2/3 as long as flames in still environments at the same fuel port exit condition. 
For flames in coflow, however, flame diameter decreases as uf,Juao decreases. The present 
analysis also agrees with Mahalingam et al. [46] at the limiting condrtion where ~ f , ~  = u ~ , ~ .  

Finally, a convenient measure of the flame diameter is its value at x/L,= 1/2, as follows: 

3.4 Results and Discussion 

Flame Appearance. The present flames were operated steadily so that transient effects 
were not an issue. Test chamber pressures were kept small enough so that effects of buoyancy 
were negligible as well. Finally, present results were limited to conditions at the laminar smoke 
point, similar to conditions considered in Section 2 for flames in still air. In the present case, 
however, no open tip flames were observed because the large coflow velocities insured relatively 
small characteristic residence times and thus correspondingly small radiative heat losses and 
tendencies for quenching at the flame tip. 

Flame Lengths. Measured and predicted lengths of flames in coflowing and still air are 
plotted in Fig. 6. Present measurements have been divided into two groups, as follows: (1) 
uf,Jua,, < 0.5, which roughly approximates nonbuoyant flames in still air; and (2) U ~ J U ~ , ~  > 1 for 
Fra > 0.1, which roughly approximates nonbuoyant flames in coflowing air. All of the 
measurements are plotted as suggested by Eqs. (1) and (5). The correlation of flame lengths in 
still gases according to the Spalding [39] analysis has already been discussed in Section 2. The 
results illustrated in Fig. 6 for flames in still gases at near laminar smoke point conditions yield 
an excellent correlation with C, = 1.13, as before. As noted earlier, these luminous flame lengths 
for near laminar smoke point conditions are roughly twice as long as the measurements of 
Sunderland et al. 1351 for soot-free (blue) flames which correlate with Cf= 0.56. Present results 
for coflow with u,Jq,, > 1 also yield a good correlation according to the simplified theory of Eq. 
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Figure 6. Luminous flame lengths of hydrocarbon-fueled laminar jet diffusion flam~s burning in 
coflowing air: correlation of measurements of Lin et al. (1999) for U,,&,~=O, predictions of 
Spalding's (1979) theory for u ~ , , / ~ + ~ = O ,  correlation and measurements of Lin and Faeth (1999) 
for 0.22 I ~,Jq,~=0.5, and correlation and measurementsof Lin and Faeth (1999) for u~,/u& 1 -. 

and Fr, > 0.1. From Lin and Faeth (1999). 
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(5) with C, = 1.05, roughly equal to the value of C, for flames at the laminar smoke point in still 
air. 

Flame Diameters. Flame diameters halfway along the flame length are plotted 
according to Eq. (8) in Fig. 7. The scatter about the prediction progressively decreases as the 
normalized flame length increases; therefore, small flame aspect ratios appear to be mainly 
responsible for the scatter seen in Fig. 7. The agreement between measurements and predictions 
at large aspect ratios, however, is reasonably good. 

Flame Shapes. The comparison between measured and predicted flame shapes was 
carried out for flames having relatively large aspect ratios to reduce problems of flame diameter 
predictions at small aspect ratios seen in Fig. 7. Typical results for acetylene- , propylene- and 
1,3 butadiene-fueled flames at similar Reynolds numbers (Re of 62-66) and aidfuel velocity 
ratios ( U J U ~ , ~  of 3.3-4.2) are illustrated in Fig. 8. The predlctions are quite good in the far field 
but they break down near the jet exit where the far-field approximation is not very satisfactory. 

Effects of aidfuel velocity ratios and Reynolds numbers on predlctions of flame shape in 
coflow are illustrated in Fig. 9. The approximate analysis is seen to provide good predictions of 
trends with respect to aidfuel velocity ratios and Reynolds numbers in the far field. Predictions 
near the source, however, are not very satisfactory due to failure of the far-field approximations. 

Finally, Xu et al. [24] undertook measurements of the luminous flame boundaries of 
steady, weakly-buoyant round hydrocarbon-fueled laminar jet diffusion flames in still and 
coflowing air, using optical filters to find the flame sheet in soot-containing flames. These 
results indicated good predictions of flame sheet shapes, and thus the boundaries of soot-free 
(blue) flames. Finally, luminous flame lengths at laminar smoke-point conditions were roughly 
twice as long as at the flame sheet, yielding Cf = 1. and 0.5 at laminar smoke-point and soot-free 
(blue or flame sheet) flame conditions, in both still and coflowing environments. 

3.5 Conclusions 

The major conclusions of this phase of the present study are as follows: 

1. The present extension of the simplified analysis of nonbuoyant round laminar jet diffusion 
flames in coflow due to Mahalingam et al. [46] provided reasonably good predictions of the 
luminous shapes of the present flames in the far field for u%,/%,~ > 1 and Fr, > 0.1 after 
appropriate selections of empirical flame-length parameters, e.g., LJd and C,. The 
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Figure 7. Measurcd and predicted luminous flame diameters of hydrocarbon-fueled laminar jet 
diffusion flames burning in coflowing air at various velocity ratios for U,,, /U~,~ > 1 and Fr, > 0.1. 
From Lin and Faeth (1999). 
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Figure 8. Measured and predicted luminous flame shapes for acetylene-, propylene- and 1,3 
butadiene-fueled laminar jet diffusion flames burning in coflowing air. From Lin and Faeth 
(1 999). 
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predictions were most satisfactory for large aspect ratio flames and tended to fail near the 
source where the far-field approximations used in the analysis were no longer valid. 

2. The simplified analysis of nonbuoyant laminar jet diffusion flames in still air due to Spallng 
[39] developed by Lin et al. [21] provided reasonably good predictions of the luminous 
shapes of the present flames in slow-moving coflow for 0.22 I u~,, /&,~ < 0.5 after appropriate 
selections of empirical flame-length parameters, e.g., LJd and Cf. Present values of the 
flame lengths (or C,) for slow coflow (u,Ju,, < 0.5) were 15% smaller than the earlier results 
of Lin et al. [21] with no coflow because of enhanced mixing rates caused by coflow. 

3. Based on present correlations of the luminous flame boundaries of nonbuoyant laminar jet 
diffusion flames in still and coflowing air, luminous flame lengths increase linearly with fuel 
flow rates but are relatively independent of jet-exit lameter, pressure, and aidfuel velocity 
ratio (for flames in coflow). Nevertheless, flames in still air are roughly 50% longer than 
flames in significant coflow (U,,,/I.+~ > 1) at comparable condtions, with this lfference being 
relatively independent of aidfuel velocity ratio and jet-exit Reynolds number. 

4. Based on present correlations of the luminous flame boundaries of nonbuoyant laminar jet 
diffusion flames in still and coflowing air, characteristic luminous flame diameters vary 
linearly with jet exit Qameter and are relatively independent of flow physical properties and 
jet exit Reynolds numbers. For flames having significant levels of coflow (u,,,/&,, > l) ,  
however, characteristic luminous flame diameters are also inversely proportional to the 
square root of u,,/uf,o. Thus, large aspect ratio flames can best be achieved using small 
injector diameters, large injector Reynolds numbers, and large aidfuel velocity ratios, subject 
to laminar smoke-point limitations if nonsooting flames are desired. 

5. Progressive increases of luminous flame lengths at comparable conditions were observed in 
the laminar smoke point was approached for nonbuoyant laminar jet diffusion flames in 
coflowing air. This behavior was similar to the observations of Lin et al. [21] that the 
luminous lengths of nonbuoyant laminar jet diffusion flames in still air were roughly twice as 
long at near laminar smoke-point conditions as in soot-free (blue) flames at comparable 
conditions. 
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4. Hydrodynamic Suppression of Soot Formation in Laminar Diffusion Flames 

4.1 Introduction 

Given background concerning the structure of laminar diffusion flames, the objective of 
this third phase of the research was to investigate flow/soot-formation interactions in nonbuoyant 
laminar diffusion flames. As noted earlier, this involved a direct evaluation of effects of 
velocities normal to the flame sheet on soot formation in diffusion flames by considering pure air 
and fuel reactant streams for nonbuoyant laminar coflowing jet diffusion flames. In this 
configuration, enhanced (retarded) airstream velocities provide entrainment velocities normal to 
the flame sheet directed from the fuel-rich (fuel-lean) to the fuel-lean (fuel-rich) sides of the 
flame sheet, which should reduce (increase) both soot concentrations within the flame and the 
tendency to emit soot from the flame. This behavior has been observed by Lin and Faeth [15] 
where retarded fuel-stream velocities compared to air-stream velocities caused increased laminar 
smoke point flame lengths and fuel flow rates for weakly-buoyant laminar coflowing jet 
diffusion flames at low pressures. This effect became difficult to observe as the pressure was 
increased toward atmospheric pressure, which caused the effective gravitational acceleration, g, 
= p2g, to increase so that the intrusion of buoyancy reduced the effect of initially retarded fuel- 
stream velocities. This is probably the main reason why the importance of retarded fuel stream 
velocities for reducing soot formation in flames has not been recognized earlier. 

Based on the results concerning the structure of nonbuoyant buoyant laminar coflowing 
jet diffusion flames discussed in Section 3 of this report, another rather transparent explanation 
of the effect of retarded fuel stream velocities can be obtained for this particular flame 
configuration. In particular, the simplified analysis leading to Eq. (5) for the flame length 
indicates that flame length is independent of the coflow velocity since this expression is very 
similar to Eq. (1) for the flame length in a still environment (except for the fact that flame 
lengths in coflow are only 2/3 as long as in still environments for given fuel-jet exit conditions). 
On the other hand, the characteristic residence time within the flame, for conditions where the 
flame aspect ratio is large and u, is small for most of the flame length, is given by: 

Based on Eq. (9), for given values of Cf, C,, Re,, Sc, d and Zst, it is evident that 7,decreases 
inversely proportional to ukO. Put another way, the residence time for soot formation 
progressively decreases as uao increases (or as the fuel stream velocity becomes increasingly 
retarded), decreasing the extent of soot formation before soot oxidation conditions are reached, 
and thus the potential for soot emissions. 
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Prompted by these observations the present phase of the investigation considered effects 
of enhanced airstream velocities on laminar soot-point properties - that is on the condition 
where soot is first observed in laminar diffusion flames. Associated properties, such as luminous 
flame length and flame liftoff conditions were also observed. Experimental methods were 
similar to the weakly-buoyant laminar coflowing jet diffusion flames discussed in Section 3, 
where observations of flames at low pressures were used to minimize the intrusion of effects of 
buoyancy on initial air-streadfuel-stream velocity ratios. The present discussion is brief, see 
Lin and Faeth [ 151 and Dai and Faeth [22] for more details. 

4.2 Experimental Methods 

As noted earlier, measurements were carried out at subatmospheric pressures to control 
effects of buoyancy as discussed by Law and Faeth [47]. The arrangement of the burner was 
similar to that discussed in Section 3 and illustrated in Fig. 5. The test burner was a vertical 
coaxial arrangement with fuel flowing from an inner port having inside diameters of 1.7, 3.2 and 
6.4 mm and air flowing from an outer port having an inside diameter of 60 mm. The burner was 
operated within a windowed chamber at reduced pressures with flame ignition and monitoring 
instrumentation the same as discussed in Section 3. 

Acetylene-, ethylene-, propane- and methane-fueled laminar jet diffusion flames in 
cofiowing air were considered. Test conditions included reactant temperatures of roughly 300 K, 
ambient pressures of 3.7-40.8 kPa, fuel jet exit Reynolds number of 18-121, air coflow velocities 
of 0-6 m / s ,  and aidfuel-stream velocity ratios of 0.003-70. Transition to turbulent flames was 
never observed during the present experiments, whereas characteristic flame residence times 
were small so that effects of radiative heat losses from the flames were negligible. 

4.3 Results and Discussion 

Flame Appearance. Color photographs of the flames revealed the presence of soot by 
the appearance of yellow soot luminosity. As conditions for reduced formation of soot were 
approached, by increasing air coflow velocities or decreasing the pressure, the yellow soot- 
containing region became smaller and more confined near the flame tip. The laminar soot-point 
of the flame, defined as the condition where soot particles first appear in the flame, was then 
identified as the condition where yellow soot luminosity first appears near the tip of the flame. 

Flame Lengths. Similar to the observations of luminous flame lengths at laminar smoke 
points by Schug et al. [7] and Lin and Faeth [15], the present luminous flame lengths at laminar 
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smoke points were closely associated with the fuel flow rate. Measurements establishing this 
behavior and a brief discussion of the simplified theory that helps explain the experimental 
findings are considered in the following. 

Laminar soot- and smoke-point luminous flame lengths are plotted in Fig. 10 as a 
function of a corrected fuel flow rate suggested by simplified theories of flame shapes for 
nonbuoyant and laminar jet diffusion flames in still and coflowing gases [22,23] developed in 
Sections 2 and 3 of this report. The measured laminar smoke point correlations are from Lin and 
Faeth [15] for acetylene-, propylene- and 1,3 butadiene-fueled flames burning in air at pressures 
of 19-51 kPa, a burner diameter of 6 mm, and aidfuel-stream velocity ratios of 0.4-6.7. Two sets 
of correlations (each) are illustrated for the laminar soot- and smoke-point luminous flame 
lengths in Fig. 10, one for small uJu, (for the following discussion let u/uf = u,Jh,,,)based on 
analysis of laminar jet diffusion flames in still air, and one for large u,/q based on analysis of 
laminar jet diffusion flames in coflowing air. There are good correlations between measured 
luminous flame lengths and the corrected fuel flow rates for both laminar soot- and smoke-point 
conditions (see Ref. [21] for the latter). As a result, laminar soot+oint properties are represented 
by the laminar soot-point fuel flow rate in the following, similar to past work [15]. It is also 
evident that the correlation for laminar smoke-point flame lengths is roughly twice as long as 
that for laminar soot-point flame lengths at both large and small u& limits. 

An explanation of the flame length behavior observed in Fig. 10 can be obtained from the 
flame shape correlations of Eqs. (1) and (5). Simple correlations of these expressions were fitted 
to the measurements illustrated in Fig. 10, taking C, = 3/32 and 1/16 for nonbuoyant flames in 
still and coflowing gases, and C, = 1.0 and 0.5 for flames at laminar soot- and smoke-point 
conditions, with the latter expression being suitable for soot-free blue flames at fuel flow rates 
smaller than the soot-point (unless the flame aspect ratio becomes small). 

Laminar Soot-Point Properties. Both laminar soot-point and liftoff properties were 
measured during the present experiments. The tests were conducted by varying the pressure 
range for each fuel based on its propensity to soot, so that effects of reasonable variations of 
aidfuel-stream velocity ratios could be measured for flames fueled with each fuel in spite of 
limitations due to effects of liftoff and the intrusion of buoyancy. 

In the following, effects of air coflow on laminar soot-point and liftoff properties are 
presented as plots of laminar soot-point fuel flow rates as a function of air coflow velocities 
because this approach provides a compact presentation of the measurements. Effects of air 
coflow velocities on laminar soot-point fuel flow rates were qualitatively similar for the four 
fuels that were considered. This can be seen from the plots of fuel mass flow rate at soot-point 
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Figure 10, Comloltions between laminar soot- and smoke-point flame lengths and corrected fuel 
flow rates for laminar coflowing jet diffusion flames fueled with acetylene, ethylene, methane, 
propane, propylene and 1,3 butadiene, burning in air based on the simplified flame shape 
analyses of Lin et al. [21] and Lin and Faeth [20]. Laminar smoke-point flame length 
correlations are also from these references. From Dai and Faeth (2000). 
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conditions as a function of air coflow velocities for the various pressures and fuel port diameters 
that are illustrated in Figs. 11 and 12 for acetylene/air and propane/air flames, as examples. To 
indicate the transition between soot formation and soot-formationloxidation configurations at the 
base of the test flames, the conditions of u& = 1 is denoted by reverse-shaded symbols on the 
plots. Liftoff conditions are denoted by the symbol at the highest air flow rate for each pressure 
and fuel port diameter, with the extreme liftoff limit denoted by a dashed line. 

The measurements illustrated in Figs. 11 and 12 show that increased air coflow velocities 
increase laminar soot point fuel rates. Notably, this behavior is observed for aidfuel-stream 
velocity ratios both smaller and larger than unity. Increasing pressures generally reduce 
allowable fuel mass flow rates and flame lengths for soot free flames due to increased soot 
formation rates and flame residence times for a given flame length. The relative enhancement of 
laminar soot point fuel flow rates between small and maximum allowable values of air coflow 
velocities before liftoff, however, tends to be relatively independent of the pressure for a 
particular fuel. This behavior comes about because generally more intense reaction rates at 
elevated pressures accommodate large air coflow velocities before liftoff, which tends to 
compensate for faster soot reaction rates at elevated pressures. Taken together, it is clear that 
sufficiently large air coflow velocities are capable of completely suppressing the formation of 
particulate soot for these conditions, supporting the soot suppression argument discussed in the 
introduction. The resulting soot free flames also provide potentially useful conditions for 
evaluating detailed models of diffusion flame chemistry and transport at the computationally 
tractable limit of soot-free laminar diffusion flames for light hydrocarbons. 

Finally, note that the effect of u, on increasing the allowable fuel flow rate (or flame 
length) at the laminar soot point progressively decreases as the pressure of the flame increases. 
This is a direct effect of the intrusion of buoyancy masking the ability of air coflows to reduce 

soot formation in flames and no doubt explains why this behavior was not recognized earlier 
because most prior experiments were carried out at atmospheric pressure - far higher than the 
pressure conditions where effects of the intrusion of buoyancy are first seen in the results of Figs. 
11 and 12. 

4.4 Conclusions 

The present experimental investigation considered the effect of aidfuel-stream velocity 
ratios on soot processes within laminar coflowing jet diffusion flames for the experimental 
conditions summarized earlier. Major conclusions of the study are as follows: 
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Figure 11. Fuel flow rates at laminar soot-point and Woff conditions as a function of air coflow 
velocities, fuel port diameter and pressure for acetylenelair flames. From Dai and Faeth (2000). 
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Figure 12. Fuel flow rates at laminar soot-point and liftoff conditions as a function of air coflow 
velocities, fuel port diameter and pressure for propane/air flames. From Dai and Faeth (2000). 
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1. Laminar soot point flame lengths and fuel flow rates were increased with increasing aidfuel- 
stream velocity ratios; these effects were most pronounced at low pressures, where effects of 
buoyancy were minimized, and initial aidfuel-stream velocity ratios are reasonably 
representative of the entire visible portion of the flame for the present test conditions. These 
results are qualitatively similar to earlier measurements of laminar smoke point properties, as 
well as recent predlctions of soot concentration properties [18], for similar flame conditions. 

2. Laminar soot point flame lengths were conveniently correlated in terms of a corrected fuel 
flow rate parameter based on an earlier simplified analysis of the structure of nonbuoyant 
laminar coflowing jet diffusion flames discussed in Section 3. It is found that laminar smoke 
point flame lengths in both coflowing and still air environments are roughly twice as long as 
soot-free (blue) flames at comparable conditions due to the presence of luminous soot 
particles at fuel-lean condltions as laminar smoke point conditions are approached. 

3. The mechanisms of increased resistance to soot formation with increasing aidfuel-stream 
' velocity ratios at low pressures (where buoyancy does not significantly affect flame 
velocities) involves progressive reduction of flame residence times for soot production, 
eventually reaching the soot-free (blue) flame limit. Given a critical residence time for the 
appearance of soot for a particular fuel and pressure, this behavior is consistent with present 
measurements and the simplified analysis of the shape of nonbuoyant laminar jet diffusion 
flames in coflowing air. Notably, the shape (length) of these flames is largely controlled by 
the fuel flow rate, whereas the characteristic residence time is proportional to the flame 
length divided by the air coflow velocity. Then, laminar soot-point fuel flow rates should 
increase with increasing air coflow velocities for a given fuel and pressure, relatively 
independent of fuel-port diameter, as observed at low pressures and large air coflow 
velocities in Figs. 11 and 12. 
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Shapes of Nonbuoyant Round Luminous Laminar- Jet 
Diffusion Flames in Coflowing Air 

K.-C. Lin’ and G. M. Faeth’ 
Universily of Michigan, Ann Arbor; Michigan 48109-2140 

Nomenclature 
= empirical flame length factor 
I mru diffusivity 
= j e t u i t  diuneccr 
= air and fucl strcam Fmude numbers, ui,,/(2g 

= mixturc hction 
= Sccclaption of gravity 
= distance from jet exit to luminous flame tip 
=distance from jet exit to virtual origin 
= bumu mass flow ratc 
‘Prcsrun 
=jet Reynolds number, &/(ndp) 
1 radial distance 
= Schmidt number, u / D  
= svcunwir velocity 
I svwnwisc vdocity defect; Eq. (1) 
= luminous flame diameter 
E lumimus flame diamcter at 5 = f 
I nnunwisc distance 
= nus6 fnaion of fucl 
= mru fraaion of oxygen 
= stoicluomrm ’c mixtun fraction - Mmslizcd sueamwir distance; Eq. (12) 
= dimacionlcsr d a l  distance; Eq. (6) 
=dynamic viscosity 
E k i m c  viscosity 
=deruity 

4 u;,l(2gL,) 

= rcandud deviation of pnramaer i 

=airrtrrrmpropaty 
= fuct-stream propnty 
= barn writ-plane condition 

Introduction 

 tacta able for analysis and expctimcnu rhu, more practical Nrtulent 
diffusion flames. Certainly undarunding flame processes within 
laminar-jet diffusion flames must p m d c  understanding thesc p 
cessesinmorecomplexturbulcotdiffurionfluoes. Insddition,mmy 
propcrLi’es of laminar-judiffusion flames a n  directly relevant to NT- 
bukni diffusion flames using laminar flamld cacepts.’ Laminar- 
jet diffusion flame shapes (luminous flame boundaries) have been of 
particular interest since Ihe classial study of B u k  and Schumann2 
btcauw they are a simpk nonintnrcive mcasuremcnt thnt is convc- 
nient for evaluating fl~mcstruam prcdiions. Motivated by thcsc 
observations, the dupes of laminar diffurion flames wm consid- 
ercd during the pmea imertig.lion. 

Nonbuoyant flames w e n  empimized during the pre~cnt investi- 
@ion to simplify inlerpruatioo and analysis of the mepsunments 
and incnssc the relevance ofthe nrultr because mos( practical 
flames are not buoyant. Effects of buoyancy werc minimized by 
observing flames having large Row vclocilicr ai srnail pressures? 
Present methods were bascd on thc study of Ihe shapes of nonbuoy- 
ani round laminar-jet diffusion flames in still air duc io Lin d d..’ 
who found that a simple analysis due to Refs. 5 and 6 yielded good 
ptuiictions of the flame shapes npnred by Ulbrn a al,’ and Sun- 

Ref. 4 to consider the shapes of nonbuoyant round laminar-ju diffu- 
sion flames in coflowing air. pmmptcd by Ihc upe of this 
configuration to study the structure and roo( fomutrw p n m s s c s  
of laminar diffurion flames (rec Refs. 10-19 and nfuences cited 
therein). SimilartoRef.4.a~ytocwrcl~flame~rh.pcnsulu was 
sought. wnvcnicnt for use by ochen. based on simpIiW rnalysir 
of nonbuoyant lamina cofiowring jet diffusion flames. 

Most earlier studies of the shapes of nonbuoyant laminar-ja dif- 
fusion flames considered round hydrocprbon-fueled flunu burning 
in still gascs (generally air) (see Refs. 4-8.20-33, and refwares 
cited therein). The mulu of thesc Wa have r a i d  scvenl con- 
cans: what d i t i o n s  am needed to minimize dear of buoyancy 

ity, what is the effea of dent fLme dcvclopmcot on flame- 

L’) 

derland a al.g.9 Thc Objcclive of the plclcJll rudy was to atend 

when observations of nonbuoypnt flames am sought al normal grav- 
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ud droptower tests at reduced pnssures.8 h e w s  tu= mini- 
mized m i m t  flame development problems and yielded d t s  
&at could be m l a t e d  by simplified theories as m e n t i d  carlicr. 

Effects of soot luminosity on the shapcs of hymocarbon-fueld 
Mnar- je t  diffusion flames in still air are more problemotcal than 
&eas of buoyancy and transient flame development. The lumi- 
msity of hydmcarbon-fueled flames is c a d  mainly by glowing 
root particles; therefore. the relationships between luminous flame 
dimensions and the location of the flame sheu (where the local mix- 
w e  Won is stoichiometic) are the main issues because the latter 
n genuplly associated with predictions of laminar flame shapcs. 
R s t  measurcmu~ts of thc structure and soot properties of w d y  
booyant and buoyant round laminar-jet d imion  flames burning 
in still or d w l y  moving air indicnte that luminouslsfoichiomtric 
Aune-length ratios are in the range 0.9-1.8, with the hugest vnl- 
DCS obsmed as thc laminar smoke point (the condition *the 
lhme first begins to emit soot) is appmachtdg.”-’* This behavior 
o ~ c u r s  because soot oxidation begins at slightly fuel-rich conditions 
rad CM continue in the fuel-lean region for a time beforc the soot 
is either consumed (for non-soot-emiaing or n d a g  flames) 
or the soot oxidation reactions are quenched (for sootcmiaing or 
w i n g  flames). with ~uminous flame lengths varying accordingly9 
Finally. recent meeSummnts of nonbuoyant laminar-jet diffusion 
lames in still air show that luminous flame lengths near laminar 
smoke-point conditions arc roughly twice as long as those of soot- 
fioe (blue) dunes at compamble conditions!.’ FomnaIdy. flame 
&apes at thcse two limiting conditions could still be d a t e d  ef- 
teaively bvcd on the simplified Spaldind analysis, after defin- 
ing an empirid factor IO represent effeas of so01 luminosity.‘ 
Such empiricism is not desirable, but it is unavoidable at the 
prcsent time because of limited understanding about soot ruaion 
paces=. 

Even though the classic study of Burke and Schuman’ addressed 
~shapcsof1Pminarco~ingjetdiffusionflamcs(forthelimiting 
mndition when initial fuel and oxidant velocities were the same). 
here has been relatively little subsequent consideration of this pmb- 
h. Exceptions include the thcorctical studies of Williamsy and 
Mahalingam et al..% which extended the Burke and Schumann’ 
analysis to treat flames where Ihc outer wflowing swam was un- 
bounded. During t h e p n t  study. the simple self-similar analysis 
OfMahaIingametal. washmherdevelopdtoprovideathdcal 
(asis for correlating thc shapes of nonbuoyant laminar-jet diffusion 
hmes in coflowing air. analogous to the use of the simplified anal- 
ysis of Spalding5 to provide a theoretical basis for comlating the 
shape of noobuoyant laminar-jet diffusion flames in still air by Lin 
U al? 

The preceding discussion suggests that significant progrcss 
has been made wnceming the shapes of the hydrocarbon-fueled 
laminar-jd diffurion flames in still air but that conuponding in- 
formation for Barnes in coflowing air is very limited in spite of 
the impoluncc of this configuration for studies of soot pmccssq in 
laminar-$ diffusion flames. Wtth this status in mind, the pnscnt in- 
vestigation wnsidcrcd nonbuoyant round luminous laminar-ju dif- 
fusion flm in coflowing air with the following specific objectives: 

1) Measure the shapes Ouminws flame boundaries) and asso 
ciated propettics such as  lamina^ flame lengths and diaraeters for 
various fuel types. coflow velocities,jeturit flow rpts and ambient 
ptWSUrU. 

2) Compsrc present mea~unments with earlier findings for sim- 
ilar flames in still air, e+. the flames o k m d  in Ref. 4, to help 
quantify e f fca~  of coflow on flame-shape properties. 

3) Exploit the new measurements to develop a cornlation for the 
shapes of coflawing laminar-jet diffusion flames, convenient for use 
by others. by umrding the earlier analysis of Burke and SchumPnn’ 
flames due to Mahalingam et al.= 

Resent 0bsmatim wen limited to sootcontaining acdylm-. 
propylene- and 13-buradiiene-fueled laminar-jet diffusion flames 
buming in wflowing air. Similar to Ref. 4, the measurements were 
limited to conditions ouv the laminar smoke point wrccpt for some 
preliminary ObSaMtions to study the effect of approlcb to the lam- 
--POa=%mwi(bdOcripIiOlr)do.p(imDb =-‘ 
t r l a d m s D n t i a l m a h o d r R e v l t o r r r t h c a ~ ~  

flame sppeprpncc, luminws flame lengms, luminous aamc diam- 

summarized at thead of the papa. 
ems, and luminous flamc shapes. in tum Major conclusio~s PIC 

Experimental Methods 
Experimental mcthods will be described only briefly (see Refs. 

17-19 for more details). Effects of buoyaucy wae minimized by 
observing flames at relatively small pcssores (550 Lpa) with either 
relatively large coflow velodties (aidfuel velocity ratios up to 32.45) 
or relatively large source Froude numbas wbcn coflow velocities 
wen small. The b u m  was plpad within a winQwed cylindrical 
chamber and dmted vdcal ly  upward along its axis. The burner 
was a coaxial-fube anangement with the fuel flawing from the inner 
port (bmm inside diuncc~r with the tube wall tapad to provide a 
negligible thickness at the tube exit) and air flawing from a CMICcn- 
tricoutcr port (&nun insick diameta).lbe innaport had sufficient 
length to provide fully dcvelopad lamiw pipe flow at thc bum 
writ. The outer port had sevcrpl layers of beads lad -ns to pro- 
vide a uniform velocity flow at the bumcr exit. Flpme lengths wuc  
limited so that rest conditions approximntcd flames in a uniform air 
coflow based on la5a vclocimctry mtPsurcmcnts of flow velocity 
di~tributions.’~.’~ The windowed chamber had a dipmdcr of 300 
mm anda length of 1200 mm. Optical pc~ess was provided by two 
pairs of opposing widows having diametas of 100 mm and an- 
tercd on a b o r i z o d  plane locptcd 500 nun above the base of thc 
windowed chamber. The flames wen positioned so that thci full 
lengths could be cbswved and p h o m g q h d  ttaMlgh the windows. 

Fuel was supplied to the inner p r t  from commacial gas cylin- 
ders. Fuel flow ratcs were UnoDLlcd and mucnd Wim critical flow 
orifices in conjunction with pre- regulators with this system cal- 
ibrated with wet-test mucrs. Air was supplied from thc room using 
critical flow orifices to control and meter air-flow mcs. The exhaust 
products passcd through a porous plate into a plenum chamber a 
the top of the windowed chamber to pxwidc uniform flow con- 
ditions in the vicinity of the test flame. After dilution with air to 
reduce How tempernhlres. the exhaust Bow was remod using the 
laboratory vacuum pump system. Thc flames were ignited by a hot 
wire that could be manually moved out of the flowfield O(YT flame 
stabilition was complae. 
Dark field photographs of Ihe flames were obuined using a 35-mm 

reflu camera. The photogrnpbs werc rubsequcntly printed using I 
100 x 125mmfilmformat.Theflpmawmme~surcddiraalyfrom 
these prints, using phocogmphs of objms of known size to calibrate 
vertical ami horizontal distances on the prints. Experimental unar- 
tainties (95% confidence) of luminous flame diameters and lengths 

Present test conditions are summarized in Table 1. Gas purities 
wen greater than 99% for pmpykne lod 13-In1tadiene but were 
only roughly 98% for nCaylure due to Cauamination by acetore that 
is present in commercial acetylene gas cylinden for safety prrpoeu. 
The effect of the acetone was evaluated by cumparing observPtions 
with and without acetone vapor pesent, using the acetone. purifies. 
tion rymm described by Hamins et al.” to crcw the acuonc-fnc 
fuel stream. The effect of a c u m  on luminous flame shnpes (and 
laminar smoke-point flame I e n g t b ~ ’ ~ ~ ’ ~ )  was smaU compared with 
experimntal unceminties. Rcscnt &SI conditions included n r a a ~  

were less than 2 and S%, respaivcly. 

T a l  Summuydt. .~camd&d 
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sa~peraturcsofroughly300K,ambientpresavcsof1~50t9je(- 
CnitRcynolds numbas of 18-121. and initial airlfucl velocity rstios 
d0.Z-32.45. 

Tbcomticai Methods 
Ibc objective of the analysis was to develop a umvcniQlt w y  to 

blpinterpnr and comlatc flame-shape measurements for nonbuoy- 
w Wnar-jet diffusion flames in wflowing air, analogous to thc 
rpproaeh uscd by t i n  ct al! forthe shapcsof nonbuoyant laminar- 
jet diffusion flames in still air. Thus. a set of easily used equations 
wm sought. along with recommendDtKms . forrckctingthethclmc- 
&&id and transport popaties appearing in these cqwtiom, as 
opporedcmo~compktcmcthodsthptwouldrrquircnumericPl~ 
lutions on aannputcr. Tbc npprorh ured was toextad thc Mllysis 
d w i n g u n  et aL' (which considas thc Burlre and Schurmna' 
poblcm in the adf-similwrcgimefarftum tk xnurcwhcn theoutcr 

kmiag description of thc analysis is brief. A morc &ailed example 
d lhis g d  ppprorch for romwhDt diff~nm initial conditions 
md property rsrumptjons, is provided by Mlhalityun ct 

E.ccp for changed ambient Row properties, the major p~uu~lp 
tioor of the prerau flsmcahapc analysis m similarto(hape used 
a r k r  by Lin et al! as follows: I )  Amtion is limited to stesdy, 
axbymmctric laminar-jct diffusion flames buming at constant pcr- 
sllo in an unbounded coflowing gas baing uniform poptrticr; 
2) &&s of buoyancy and rssociated changes of po(entinl clwgy 
yc acgligible; 3) the Mach number of thc Row is small so that ef- 
Bprs of viscous dissipation and changes of kinetic energy can be 
ipnd; 4) thc flame has a large aspea Rtio so that diffusion of 
msss (species). momentum, and energy in tk stmmwix direction 
Q d l ;  5) for the same reuons, the solution of the govaning qua- 
liou can be apximatcd by far-field caditions when the &ails 
diaitial conditionscan be reglrced by incgrnl i n w i m o f  the 
Ibr for thc u)MeTvption of mass. momentum. and energy; 6) all 
rbemical reactions occur in a thin-flame sheet with fist chemistry so 
tslt fuel and oxidant M never simultpncwrly present at Cnitc am- 
apmtions; 7) the diffusivititr of mass (of 111 species). mwmtum. 
.ad energy M all qual; 8) all thennophysical and tramport prop 
ar*s M constant throughout thc flame; and 9) efftas of radiation 
me small. 'Ibe first three assumptions m justified as conditions of 
fb present cxperinmts. 'Ihe fourth and fifth assumptions m jus- 
rlW for mosf of thc pccrent mcp~urcments that have lnrge aspect 
rrtios, c.g.. the pnscnt mwunments summnrizcd in W k  1 have 
lbme aspect ratios 2Lf/w,n in thc range 4-62 and burner aspect 
wios 2Lf f d in the range 7-36. The sixth assumpion, pnzcribing a 
Ibia-diffusion flame shed. has a long history of effcaive use to hnd 
1& shapes of laminar-@ diffusion flames, dating back to Burke and 
Scbumann.' Thc nmaining usumptions, ho-, uc not aatisficd 
bhmiw-jet diffusion flamesud waconlysdopcdsothn*mplc 
lkslGshapc formulas could be found, based on the past succtss of 
rirnilu approximations to find the shapes of laminar-@ diffusion 
Ihmcr (see Refs. 4-8,28-31. and rcfacnccr citcd therein). 
IhcfluneumfigurotionPndaMntionuscdfortkprrsu#Mllysir 

isrletchcd in Fig. 1. Thc approach is limited to sclf-similar behavior 
*from the lource so that the devils of mTcc propcnies m not 
mrtant; thacfac the source i s  rcpFcscntcd by uniform amage 
hrl- and air-stnun vclocitics Ufa and Y.#. 'Ihe mixlw frictions 
(dcdned as the fraction of mass at a point that originated from thc 
lolacefncl~)ofthcsourcefuelandairstreamsarcf/~= 1 
and fa.. = 0 by definition. The enthalpy dcfca of UK sowe can 
be defined in an analogous way. but this is not nccamy bccpusc 
cuscrvation of energy principles arc not nccdcd to find flame shapes 
Pndcr the prcacnt luumpticns. The streamwise velocity defect is 
wiled as follows: 

uI( = U.@ - Y (1) 

mring that UIC ainvcpm velocity lpprorches Y., at large r for all 
disbnca from thc rource. based on assumption (I) .  In the far field 
svbne self-similar behavior is approached. I Y ~ ~ / Y , , ~  4: 1 (the abso- 
hnc value is used to allow for values of Y ~ . ~  both larger and smnller 

w t  S P r c M  is unbounded) tom tbcpnsmproMaa The fol- 

cbm u,-) and q* md higtIer tanvin Q cao be asbapdin 
~bea@-aicpllaalbcp*Brprmn- 

r + m :  f - 0  af r = O  - = O .  
ar (3) 

Thc final condition of the analysis is CORICNPtiOn of the flow of 
fuel-stream mass in the strumwix direction, which can be mitlcn 
as follows in hr ficld: 

OD 1 f r & = %  8Y.S (4) 

The solution of Eqs. (24) can be obuined using ei- cornen- 
tional rqwPtionof~blesorcomenionintomordiarrydiffcrrn- 
t id eqcution by I suitable similarity Pmsformrtioo.n The raulting 
expression for the muNR frpction disaiburion in the sdf-cimilar 
regime is as follows: 

f = uf..d2 ~ P I - T ' ) / ( ~ ~ v ~ )  (9 
WbUC 

I )  = ( r / 2 ) [ u . , . / ( 4  (6) 
The lcution of the luminous ffPmcbowQryir assumed tocqilridc 
with& location of the thin flunesbctt when thecmccntm ON of 
fuel and oxidant m ZQD (see Fig. I )  and uoichiomeaic m i x ~  
fraction is rrrdwd, f - Z a  (see 'hbk 1 for present values of 5 ) .  
Inbudwing this mixture fnaM0 into J2q. (5). for Conditim along 
the flame axis. yields the following upnssion for luminoua Bpmc 
length: 

0 d 162. 
Thc c o m p n d i n g  expression for flame shape. pmviding thc nunc 
diamcur as a function of wcpmwioc distance. is as follows: 

Re - Lf = - 
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Finally, a convenient measure of the flame diameter is L n8w U 
X / L /  = 1. as follows: 

w i l d  = [ ( U d U d  Wl/(2Z.)li (9) 

Comlation of the measurements was sought in the same manner 
as t in  et al.‘: The qua l  diffusivity approximation was relaxed by 
introducing the Schmidt number into Eq. (7); the Schmidt number 
and viscosity used to compute the Reynolds number wen taken from 
the propcnics of air at the average of the adiabatic flame temperature 
and the ambient temperature; the cornlation of flame length was 
improved at small aspect ratios by introducing a virmal origin at 
a distance Lo fmm the jet exit; and the flame length cornlation 
was fine.-tuned for effects of soot luminosity, dc.. by introducing an 
empirical eocffcient C, as discussed later. With these changes, Eq. 
(7) for the luminous flame length becomer 

wherus Eq. (8) for the luminous flame diameter bccomcs 

where 

Equations (9-12) disclose some interesting proparies of non- 
buoyant laminar-jet diffusion flames in a coflowing and unbounded 
environment A m  of all, Ihe flame length from Eq. (10) is indepen- 
dent of the coflow velocity. which is surprising; nevertheless. flame 
lengths in still gases from Ref. 4 are a fixed rStio longer than in 
coflow (given similar values of CJ and LJd), c.g.. the coefficients 
in the flamc-~ength expressions for still and coflowing gases arc 4 
and &, respcuively. Diameters of flames in coflow vary with the 
ratio uI.JuOr; in wnwt, diamcten of flames in still gases are in- 
dependent of reactant flow rates.’ Ram-diamuer properties in both 
coflowingandstillgascs. hmver,areonlyindimtly affectedby as- 
sumed mspon pmpenies through the computation of flame-length 
from Eq. (1 0). Finally. the present analysis agrees with the m l t s  of 
Mahalingam ct al.” at their limiting Burke and Schumann’ condi- 
tion of uIa = u.... excep for the presence of the virtual origin and 
the different tmuncnt of transpon properties. The comsponding 
agreement bccwcen the self-similar prrdrction and the mon exact 
Burke and Schumann2 analysis for uf- = u,,,~ as the dmmaer of 
the ouw reactant stream becomes large also is quite good in the far 
field, as discussed by Mahalingam CI aL“ 

Results and Dlscussioa 
PI-AppurPcc 

PhotogRphs of ncdylene-, propylene- and I ,3-butadicne-fueled 
flames am illustrated in Fig. 2 for mparable flow conditions (Re 
of 62-66 and u.,./u~.,, of 3.3-4.2). All three flames are close to 
their laminar smoke points, which can be arranged because flame 
shapes are relatively independent of the ambient pnssurc, whenas 

laminar smoke-point flam lengths i n c n w  rapidly as the ambient 
pressure is derrepscd9 7hc I$-buudienc flame SCUN somewbt 
longa than the rcst. but this is mainly bcuuse. of the flaw attach- 
ment fanher downstream from the burnerexit thanthe rest. Actually. 
all thnc flames haw roughly thc same length, which is consistent 
with Eq. (IO) in view of the relatively small variation of Z, for thcsc 
fuels (see Table 1) and past upaiencC conccming the effect of ap- 
prosch to the laminar smoke point on luminous flame shapcs from 
Lin ct ai.’ observed flame diamaer~ are somewhat larger for the 
1.3-butadiene-fueled flame mSn the rcst, rathcr than being nearly me 
same as anticippted from Eq. (9). This level of discrepancy between 
measured and predicted flamc diamuers is typical of obscrv~tions 
overthe test program and is similar to past experiaKc for flames in 
still gases from Lin d a].’ In view of the simplicity of the Rm-shPpc 
analysis. and the fact that average pmpcrtier and empirical faaors 
cannot be. chosen to fit prediaions nnd mWUrements of flame di- 
ameters, it is rather remarlcable that the trends of flamediameter 

Photographs of accty1enc-fueled flames at given fuel je-tclrit COW 
ditions and a m b i t  pressures (Re of 93 and ambient pressure of 
19 kPa) are illustrated in Rg. 3 for various aidfuel velocity ratios. 
Contrary to the expcclntions of h. (10). where luminous flame 
lengths are. independent of airhc.1 velocity ratio, thc flame lengths 
illustrated in Fig. 3 deacsse significantly as the aidfuel velocity 
ratio is increased. This behavior follows because luminous flame 
lengths progressively ioweese relative to soot-free (blue) flames at 
comperablc conditions as laminar smoke-point conditions are a p  
proached. For example, the luminous flame lengths at the laminar 
smoke point are roughly rwia as long as umesponding blue flames 
for nonbuoyant ~aminar-je-t diffusion f l m  in still air,’ and similar 
behavior is quite reasonable for flames in coflowing air. In pMicular. 
increasing air/fuel velocity ratios tend to increasc laminar smoke- 
point flame lengths bprcd on mcasunmcnts of Lin and Fsah.’’ 
Thus, for uaP/u = 1.3 in Fv. 3 the flame has nearly reached its 
laminar smoke-point flnmc length of 60 nun. but for u ~ , , , / u I ~  = 3.4 
the luminous flame lengrh is only 50 nun compared to a laminar 
smoke-pin8 flame length of roughly 1 I O  mm for this a i r h l  ve- 
locity ratio, which implies a flame Icngth between the length of a 
soot-free (blue) R a m  and thc kngth at the laminar smoke point. 
In view of this effect of approach to the laminar smoke point, the 
following flame-shap mcanvuncnts were obtained near laminar 
smoke-point-wnditions, and the uxresponding lengths of Smc-frcc 
(blue) flamer are likely to be much shorter. 

FLDe Lengths 
Luminous flame length is defined in the following as the stream- 

wise distance behum the burner u i t  and thc farthest downsacpm 
plane normal to the flame axis that mntacts a luminous region of 
the flame. For the pnscnt flvncs in coflowing air, tbis length was 
generally associated with the end of luminosity at the f lam axis. 
For the flames of Lin cl d.‘ in still air, however, this location was 
either along the axis or at M annular soot layer for the closed- and 
opcndp A m  ObaQVrd ~ t 8 m i n 8 r u i R l k a ~  aarditioDI fg 
nanbuoynt h t  in rrin grses? 

predictions M still repsonably good. 



MePPurodandprcdictedlmgtbsofflamcsincoflowingPnddllpir 
ue plotted in fig. 4. h n t  measurements have been divided into 
two groups: I )  ua,Juj,, 4 0.5. which roughly approximates non- 
boyani flames in d l l  air. and 2) U . ~ / U ~ , ,  D 1 for Fr, > 0.1, which 
mughly appmximafss n o b y a n t  flames in coflowing air. AU of 
tbc mcaFurcmcMI arc prrscntcd as suggested by the simplified the- 
wies of flpmcs in coflowing and still air. eg., Eq. (IO) for Runes in 
=flowing air, with ( L j  - L..,)/d plotted as a function of Rek/Z.. 
Wues of Z. used in the plots arc as follows: 0.0704 for scaykae, 
a0636 for ahyknc and popylm. 0.0667 for 13-butSdiar and 
0.0602 for propane. ckuly.  as mentioned earlier, valucs of Zs do 
ll~tvlrysignifianlyovcrtheprcsenttesl~lgc.Allothcrpropclties 
vm obtained from Btaun et a l ? O  Wues o f k  were based on the 
properties of air U the mun unnpcratunsof the flames; rhtrc values 
Q n a c h a n p r i g n i ~ y  ovathe prucnt tcst range sotha amcan 
value of SE~0.76 was used for p M n g  all ofthe data Tbc values 
of F used to find Re forthe plots also was bwd on the pmpnier of 
mratthc m c ~  flunc tunprpauc. Vial origins wen desed so 
&at fits of the mcpIurcments for various fuels and ambient flow con- 
ditions passed h g h  the origins of the plots: thc rerulting values 
of LJd arc au- in the legend of Fa. 4. F d l y ,  plar oft& 
various predictions for Cj = 1.00 (dcnotcd thmry) and for best-fit 
comlations of thc various m~suremcnts (denoted cornlation) ac 
dso shown on the figure. Forconvcniena. the valuer I$ L./d and 
Cj for all ofthe flunolength plots considersd here uc summarized 
in Table 2. 
TIIC eomluion of the Ilamcs in still gases pccording to thc simple 

Spalding' analysis has already becn discussed by Lin ct al.' 'Ihc 
rcsults illustnted in fig. 4 for fl- in still gases r e v  OUT 
laminar smdic-point conditions and yield an UCellaH comlptioa 
haVingdativclylittkscnttuwithCj = 1.13.Asnotedwrlier.thesc 
luminous flame lengths for near laminar smoke-point conditions arc 
roughly nvicc u h g  as the mc4suremcnts of Sundcriand u a i *  for 
root-frcc M e )  flames Chble 2). Resent ruults for wfhwing jct 
flames with u.,/ujr > 1 also yield a good c d a t i o n  according to 
the simplifiedthcory of Eq. (IO). with Cj = 1 .OS in this case. Thus, 
Aamc lengths for Runes in still and coflowing gases have roughly 
the nuio discussed earlier in conocctim with Eq. (7). c.g.. L, (still 
air)/L, (coflow) e f .  with this ratio being relatively idpendent 
of ' b J u j r  and Re in accord with the simplihed theorls. F a y ,  

lnSPl0 * SWMIJ e vdocitig 0.22 < ~ . , / M J . ,  (0.5 

Nonbuoyant laminar-jetdiffusion RacM 1.4b 1.05 0.12 
hm in mflmving air - j Y  
( I I ~ , ~ / M ~ ~  =. I .  fro > 0.1. 
vmcarallining flames) 

dunc in still air (u#.o/u/a = 0. 
Frj = m. root-containing 
-1 

aUne in slav-mwins air (0.22 

Nonbuoyan~ laminar-jcf diffusion t in ad.' -31 1.13 - 

Noebuoy.MluniW-jctdiff~~im Raeat -1.7 0.98 0.10 
SdY 

u.,/uj,. < 0.5, r o a d n i n g  
ri;ncs) 

hm in nil1 air (uar/uj , ,  = 0. 
f r j  = m. soo(-hu. Muc. 
&mer) 

Nmbuoyanlluniw-jcldiffvsion Sunderland 2.7 0.56 - 
e( ai? 

O - l  t L- j 

yield a reasonably good conelation in terms of the theory for flames 
in still gases, e.&, C, I 0.98 from 'Mk 2. lhue results also pn 
in rcssonnbly good a-nt with earlier mcaaurc~llcnts in still 
gases. with the somewhat shoctn flame lengths in the puu~x of 
slow wflow brig d e t e n t  with ocha dfccu of aoRow seen in 
Fii. 4. 

FbaeDbuoaar 
Thc normalized chPrrteristic flame diamr~r rl,-&'ld for 

coflowing jct d i h i o n  flames is invmely propatid to the square 
rool of thc pirlfuel velocity rptio and indcpcndcM of flow tnns- 
port proputicr. .cEording to Eq. (9). This nlotionship, illusopted 
in Fig. 5. is bas4 on prucnt musurecmcnts for Y,/u,,. > 1 pnd 
Fr. > 0.1 dong with the psdictions of Eq. (9). Thc measurements 
follow the gencnl m d  of the pedicdoas but arc rpther salted. 
'Ihcrc also is a tendency for flame diameters to progmsively in- - as a funaim of fuel type in thc &of xxtylme, pmpylcoc. 
pad 13-bUfsdiar. 

Insight eoncffning the scatter of the measurements in Fig. 5 was 
sought by plotting thc entire ngumau of Eq. (9) as a function of 
normalid flame length, similar to the appxuach used for charac- 
teristic flame diameters for flames in still air by tin et d.' msc 
results an illuEvoted in Fig. 6 for the same noge of test conditions 
as Fig. 5. Tbe scatter about the predictions Prognssiwly dccnescs 
u t b c r o r r m l i f l p m c ~ ~  ' tberrfon. Mp11-flsmc 
ryrct ~ r p p r r t o  be apialy leqons=*b IQtlB- 



52 

m Fig. 5. The normalized flame diameters illustrated in Fig. 6 also 
pgreuivcly incnare as a function of fuel type in the orderof a*- 
lane, propylene. and 1 3-butadiene. Similar increases of normalized 
h e  diametus also wen observed when changing from ethylene- 
m propane-fueled flames in still gases.' The reasons for these fuel 
dIcas arc nof known, but fortunately the effects PIT not very large 
in view of the approximations of the simplified theories. 

-sb.pr 
M e a s d  and predicled luminous flame shapes are compared as 

mP final sw in the evaluation of the simplified flame-shape analysis 
tending to E+ ( ~ 1 2 )  for flames in coflowing air..&s comparison 
a m  carried out for nlatiwly large flame kngrhs (or large aspect 
ntios) to reduce problems of flame-width p d a i o n s  at small-flame 
aspect ratios discussed in connection with Figs. 5 and 6. Qpical 
raults for acetylem-, propylene-. and 1.3-butadiene-fueled flames 
.t similar Reynolds numbers (Re of 62-66) and air/fuel velocity 
ntios (u,.Ju,.~ of 3 .H.2 )  are illusvwd in Fig. 7. Flame rodius 
is plotted as a function of streamwise distance to illustrate d i d y  
tkcffedivcnersof flame-shapeprrdictions. Thep~~Jictionsclmrly 
pc quite good in the far field. A minor ucCption is a lmdency for 
prcdictions to underestimate the radius of the 13-butadiene-fueled 
nPme in the far field, similar to the results discussed in connection 
with Fig. 6. The far-field approximations of the MdySiS, however, 
break down near the nozzle exit where the predictions are not very 

Effects of air/fuel velocity ratios and Reynolds n u m b  on 
ntisfaaory. 

clLcrcpuriabawceamaslrrsdwdprcdiaod8.mcsbtpsErrm 

be Seen from the results plotted in Fig. 8. Conditions werc selected 
for the plots to provide progressivcly shorts and namwer flames. 
e.g.. acetylene-fueled flames having u.,/ul- = 23. 4.1, and 1.9 
and Re = 96.76. and 53, nspectively. nK approximate analysis is 
seem to provide good predictions of Ercnds with respect to variations 
of a irhe1  velocity ratios and Reynolds numbers in the far field. 
Redictions near the source. however. arc not satisfactory bccauss 
of the failutc of the far-hcld approxinutiw. Mahalingam Q al." 
ob- similar trends when pediaim arc not utisfsccory near 
the source when comparing their approximate selfaimilar analysis 
with the e m  m l u  of the Bunk and Schumann2 analysis for the 
propeny approximations and the uniform velocity flame conditions 
that they consider. 

coarludons 
The luminous flame shapes of stcsdy. nonbuoypnf rwnd hydro- 

carlx~n-fucled laminar-jet diffusion flm burning in cotlowing air 
were studied both upuimcntally and thtoreticnlly. Test conditions 
involved aatylcnc-. propylene-. and I$-butadiene-fueled flames 
having initial nxctant tempenhues of 300 K. ambient pnssures of 
19-50kPa.jct-cxitReynoldsnumbersof 18-121.andinitialairhel 
velocity ratios of 0.22-32.45 to yield luminous flame lengths of 
21-108 mm. The present test flames usually were close to the lami- 
nar smoke point but w u e  not soot emitting. The new measurements 
werc used to evaluate predictions of luminous flame shapes based 
on simplified analysisducto Spaldin2 and Mahalingam et al?5 The 
major conclusions of the study are as follows: 

1) The present extension of the simplified analysis of nonbuoyant 
round laminar-& diffusion fl- in coflow due to Mnhnlingam 
et d.= providcdrworublygoodpndictioosoftheluminousshPpcs 
of the prcrcnt flames in me far kld for u.,Jujp > 1 and Fr., > 0.1 
after appropriate selections of empirical flame-lcngth plunmctar, 
e.g., LJd pnd C,. Thc predictions W= most SPtiSfeCtory for large 
aspect ratio flpmcs nnd tendcd to fail near the Mum whcre the 
far-field appmximaIions used in the analysis were no longa valid 

2) The simplified analysis of nonbuoyant lamiw-jet diffusion 
fl- in still air due to Spdding," developed by Lin et at.: pro- 
vided nasonably good predictions of tk luminous shapes of the 
p-t flames in slow-moving cofiow for 0.22 i u.,/uf- e 0.5 
after appropriate sdcctions of empirical flpm~lcngth pprpmaus. 
e.g., L./d and C,. Rerent values of the flame lengths (or C,) for 

sults of Lin et al.' with no coflow b s e  of mhpnced mixing rates 
caused by d o w .  

3) Based on pnsent correlations of the luminous flamc bouodrvics 
of nonbuoyant laminar-jct diffusion flames in still and coflowing 
air. luminous flame lengths imcase linearly with fuel flow rates 
but are relatively indcpenant of j e t u i t  diameter. pnssun, and 
airtfuel velocity d o  (for flames in daw). Nmrthclcss flamcs in 

SIOW C O ~ ~ O W  ( u . , ~ / u ~ -  < 0.5) WCIC 15% S ~ I U  thpn thc d i u  TC- 

still airare ~ g b l y  50% klngexb ~ieaignltlml&sdbv 
(a,Ju,- > 1) acaspmbkalndih& r i m c b i r d i m w  
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atptively indcpcndcntof airlfuel velocity ratio m d j e t z x * w  
crrmber. 

4) Bved on p u ~ I  d a t i o n s  of the l u m i ~ u s  Ramc tmndafia 
ofnonbuoyant laminar-ja diffusion R v n s  in still and wflowing air. 
dprpftcristic l uminw flame diamctm vary linearly with #-exit 
&meter and am nlDtivcly indepmdtnt of Row physical proper- - and jctucir Reynolds numben. For R w s  having significant 

diameters ue also invarcly proponiod to the square root of 
h P / u  J..o. Thus, 1- aspect ratio R a m s  can bcst k achieved using 
d l  injectordiamc(ers. large injector Reynolds numbers, rad lprgt 
&/fuel velocity ratios, subject to laminar smoke-point limitations 
if nonsooting R u m s  are desired. 

5) Progressive incrrpses of luminous Ramc lengths PL compm- 
bk fonditions wen observed as the laminar smoke p in t  was ap 
~ h c d  for mbuoyant laminar-jet d i R u s i  Rams in CoRowing 
.ir. This behavior was similnr to thc cbscrvraons . oftinetd'thu 
$IC lruninous lengths of nonbuoyam laminar-jet diffusion flames in 
still air were roughly twice as long at near laminar smoke-poiru con- 
ditions u sool-fne (blue) flames at comparoMe wnditioar. Whether 
qtmntitative effects of appromch to the laminar smoke poinf arc thc 
yme for R o m p  in wRowing and still air. hmnva. s i l l  must k 
sltrblisbal. 

Finally, we rccommcnd that the wdatioo of flunc shapes 
&r nonbuoy~t  laminar-jet diffusion lames in wRowing air [Eqs. 
p 1 2 ) J  k used with caution wtsidc the prcsmt w range and un- 
til the ruults are definitively confirmed for long-tam micrognvity 
d i t i o n r  where the intrusion of &cas of transient Dame dml- 
apnea1 and buoyancy arc absent. In panicular, past obscrvetiom of 
Q shapes of steady nonbuoyant laminar-jet diffusion R v n s  in 611  
ples baaed on space-bawd obaervntions in miacgravity pnaal ly  
b e  been found to differ from eartier measurrm~lls obuined using 
g~~nd-bascd facilities duc to effects of transient Rsme develop 
mwlt and disturbances due IO buaymcy. The plcsen( wnclusions 
amcaning effects of burner diameter follow from the simplifitd 
Ilrrory; expuimental evaluation of these trends is needed. 
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Appendix B: 

K.-C. Lin, G.M. Faeth, P.B. Sunderland, D.L. Urban, and Z.-G. Yuan (1999) Shapes of 
nonbuoyant round luminous hydrocarbordair laminar jet diffusion flames. Combust. Flame 116, 
415-431. 
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Shapes of Nonbuoyant Round Luminous HydrocarbodAir 
Laminar Jet Diffusion Flames 

IC-C. IAN, G. M. FAETA* 
Thc U m m i t y  of M d u g m ,  Ann Arbor, Muh~gon 48159 

P. B. SUNDERLAM), D. L. URBAN, and Z.-G. YUAN 
NASA Lewis RucorJl Cdm, Cleveland, ohro 44135 

The shapes (luminous h e  boundaries) of round luminous nonbuoymt toot-amtaining hydrorprbaJair 
laminar jet d-on flsmw at micrognvity were found from color video images obtained ca orbit in the Space 
Shuttle Columbia Test conditions included ethyknc- and popane-fueled fkmes burning in still air at an 
ambient lunpcratun of 300 K, ambient pr- of 35-130 Wa, initial jet diameters of 1.6 and 2 7  mm, and 
jet cait Reynolds numbers of 45-170. Resent t a t  times wre 100-200 s ami yicldcd steady aaisymmetric flames 
that were dose to the laminar smoke point (including flames both emitting and DM emitting soot) with hminous 
flame lengths of IS63 nun. The present soot-contnining flpmes bad larger lumiwus flame kngths Ihan artier 
ground-bascd observations having similar burner mnfisuratioas: 40% larger than &e luminous h e  kagths of 
sootcontaining low gravity flames observed using an akcrafi (KC-135) facility due to m i d  &uXs of 
accelerative disNrbanccs and unncadiiers; roughly Iwia as large as the luminous fLmc IagIhS of mot- 
coolpining ~ormal gmvity flames due to the absence of cffecu of buoyant mixing lod roughly tariCe as large a 
the IumiDoUs flame kngths of scot-free low gravity ilama observed using drop tower facilitier due to the 
pruemx of soot luminosity and possibk r e d d  effects of unsteadiness. SimplifKd cxp&ns to estimaIc chc 
luminous flame boundaries of round nonbuayaat laminar jet diffusion ffamcs were obIaincd from the classid 
analyys of S w i n g  (1979); this approacb provided sucaxsful unrelationr of flame shapes for both soot-fmc 
and sootamtaining flames except when the mor-xmlaining hmcs were in Ihc opened-tip mnfiguration that 
is reached at fuel flow r a t a  near and greater than the laminar smoke point fuel flow rate. 0 1998 by 'Ibe 
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NOMENCLATURE 

empirical 5ame length parameter 
jet exit diameter 
mass diffusivity 
distance from jet exit to virtual 
Origin 
distance from jet exit to luminous 
flame tip 
burner mass flow rate 
pressure 
jet Reynolds number, 4 h / ( T d p )  
radial distance 
Schmidt number, v/D 
characteristic residence time, 2L& 
mean burner exit velocity, 4 

luminous 5ame diameter 
maximum luminous flame diameter 
luminous flame diameter at f = In. 
stoichiometric mixture fraction 
streamwise distance 

TPod2) 
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CQLIBUSllONAND FLAME 116415-431 (1999) 
0 1998 by The caaburtion I ~ I S ~ ~ N I C  
R r b l i a s d b y u s c L p a L r  

normalized streamwise distance, Eq. 
6 
dynamic visdosit4; 

f 

V kinematic viscosity 
cr 

P density 

Subscripts 

0 burner exit condition 

W~RODUCIION 

Observations of nonbuoyant laminar diffusion 
flames are described which were obtained at 
microgravity on board the orbiting Spacc Shut- 
tle Columbia. Laminar diffusion flames are of 
interest because they provide model flame sys- 
tems that are far more tractable for theoretical 
and experimental studies than more practical 
turbulent diffusion flames. Laminar difhion 
5ames also merit study because understanding 
their transport and chemical reaction processes 
is a necessary precursor to understan- these 
processes in turbulent diffusion flames. In addi- 
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tion, many aspects of laminar diffusion flames 
have dircct relevance to turbulent diffusion 
Unmes by application of the laminar flamelet 
concept of turbulent diffusion flames [I]. The 
present study specifically considered the shapes 
(the luminous flame boundaries) of laminar 
diffusion flames, which is a flame property that 
has attracted numerous investigations since the 
dassical study of Burke and Schumann [2]. This 
mterest follows because simple nonintmsive 
measurements yield flame shapes, which can be 
used to evaluate theories of laminar flame pro- 
cesses and predictions of laminar flame struc- 
ture. A concern about measurements of the 
shapes of laminar diffusion flames at normal 
gravity, bowever, involves the intrusion of dis- 
turbances due to buoyancy because they are not 
relevant to practical diffusion flames, which 
generally are not buoyant due to their large 
vehcitics. These buoyant disturbances also tend 
to obscure important properties of the non- 
buoyant flames that are of the greatest interest 
[3]. Thus, the present investigation sought mea- 
surements of the shapes of classical steady 
nonbuoyant round laminar jet diffusion flames 
by exploiting the long-term microgravity envi- 
ronment of an orbiting space shuttle. The ob- 
me?. of this paper are to document these 
measurements and to develop a summary of the 
results, convenient for use by others, based on 
simplified analysis of nonbuoyant laminar jet 
diffusion flames. 

Past measurements of the shapes of nonbuoy- 
ant laminar jet diffusion flames have been car- 
ried out using either drop towers to provide 
microgravity environments [4-131 or aircraft 
facilities [I41 to provide low-gravity environ- 
ments. The earliest work along these lines was a 
series of studies of hydrocarbon-fueled laminar 
jet diffusion flames using a 2.2 s free-fall (drop) 
tower due to cochran and co-workers [4-61. 
They ignited the flames before putting the ex- 
periment package into free-fall and obselwd an 
immediate reduction of the luminous flame 
length when the flame was exposed to the low 
gravity environment The subsequent transient 
development of the flame shape, combined with 
the relatively short duration of the microgravity 
environment, raised concerns about the results 
due to potential effects of unsteady flame de- 
velopment. Another problem with measure- 

ments of the shapes of hydrocarbon-fueled 
flames is that the luminosity of these flames is 
mainly caused by glowing soot particles, partic- 
ularly along the flame axis where luminous 
flame lengths are nonnally measured. Thus, the 
relationship between luminous flame dimen- 
sions and the location of the flame sheet (where 
the local mixture fraction is stoichiometric) is an 
issue because the latter generally is associated 
with predictions of laminar flame shapes. Past 
measurements of the flame structure and soot 
properties of weakly buoyant and buoyant 
round laminar jet diffusion flames burning in 
still or slowly moving air provide some informa- 
tion about luminous and stoichiometric flame 
lengths (15-181. These observations indicate 
that ratios of luminous- to stoichiometric-flame 
lengths are in the range 0.9-1.8, with these 
ratios increasing as the laminar smoke point 
flame length is approached [IS-181. This behav- 
ior comes about because soot oxidation begins 
at slightly fuel-rich conditions and can continue 
in the fuel-lean region for a time before either 
the soot is consumed (non-soot-emitting 
flames), or the soot oxidation reactions are 
quenched (soot-emitting flames), with luminous 
flame lengths varying accordingly [Iq. 

Studies following the work of Coduan and 
coworkers [4-61 due to Bahadori and arwork- 
ers [7-121 sought to resolve potential effects of 
transient flame development and soot luminos- 
ity on meaSurementS of tbe shape of nonbuoy- 
ant round laminar jet diffusion flames using 
both 2.2 s and 5.2 s drop towers. In order to 
minimize problems of transient behavior, they 
ignited the Aames shortly after the experimental 
package was released and obsed nearly 
steady flame shapes near the end of free fall. 
Nevertheless, temperature fields and radiation 
emissions of the Aames were still changing at 
the end of the 5.2s free-fall periods for the flame 
conditions that they considered, implying that 
transient effects had still not fully relaxed dur- 
ing the available microgravity test time. 

Sunderland et al. [I41 considered the lumi- 
nous flame lengths of nonbuoyant soot-contain- 
ing round laminar jet difhrsion h u e s  as part of 
a study of the laminar smoke point properties of 
nonbuoyant laminar diffusion flames. These ex- 
periments were carried out in a KC-135 aircraft 
facility that provided roughly 20 s at low gravity 

. 

, 

, 
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by flying parabolic trajectories. It was hoped 
that these long low-gravity test times would 
minimize effects of transient flame development 
on observed flame shapes. These flames all 
approached laminar smoke point conditions 
md should be representative of long luminous 
h e  lengths discussed earlier. Unfortunately, 
the KC-135 aircraft facility provided a rather 
disturbed low-gravity environment (with signif- 
icant g-jitter) with the accompanying unsteady 
effects influencing both flame shapes and lami- 
nar smoke point properties 114). 
In spite of potential effects of unsteadiness 

for the ground-based studies of nonbuoyant 
h m i s r  jet diffusion flames, however, Cochran 
and co-workers [4-61, Bahadori and -workers 
(7-121, and Sunderland et al. [14] all observed a 
linear correlation between luminous flame 
lengths and fuel flow rates, independent of jet 
exit diameter, for each fuel burning in air. This 
behavior also is typical of the luminous flame 
lengths of buoyant round laminar jet diffusion 
flames 1191. Thus, to the extent that this linear 
relationship is retained for truly steady and 
nonbuoyant laminar jet diffusion flames, it of- 
fers an important characteristic useful for test- 
ing flame shape predictions. 

Most recently, Sunderland et al. [13] sought 
to avoid problems of both unsteadiness and soot 
luminosity by measuring the shape of soot-free 
laminar jet diffusion flames using a 2.2 s drop 
tower facility. Ambient pressures, jet cxit diam- 
eters and fuel flow rates were controlled to 
provide soot-free (blue) laminar jet diffusion 
flames - having - relatively small characteristic 
flame residence times so that unsteady effects 
were potentially minimized. These results for 
soot-free flames exhibit generally shorter flame 
lengths than mrrespondmg sootcontaining 
flames but the limited flame development period 
at mi0ogravity still inh-odm uncertainties in the 
Aame shape measwements due to potential ef- 
fccts of transicnt !lame development. 

The shapes of laminar jet diffusion flames 
also have attracted significant theoretical atten- 
tion. Measured flame lengths for both soot-free 
and sootcontaining flames have been used to 
develop empirical models and to evaluate the- 
oretical predictions for a range of buoyant 
conditions. The most well-known empirical 
modcl far lamiirpr diffpsioo fiamcs m the blcu 

correlation between the luminous flame length 
and the corresponding fuel flow rate [19] that 
was mentioned earlier. Several laminar diffu- 
sion flame models of varying complexity also 
have been proposed [u)-26] that successfully 
predict the linear correlation between stoichio- 
metric flame lengths and the fuel flow rates (or 
equivalently between the stoichiometric flame 
length normalized by the jet exit diameter and 
the jet exit Reynolds number). Among these, 
the analysis of Spalding 1221 (which is described 
in some detail by Kuo [U]) offers a potentially 
simple and robust method for estimating the 
shapes of steady nonbuoyant round laminar jet 
d m o n  flames. Nevertheless, modifications of 
this approach to deal with sootcontaining 
flames (as opposed to soot-free flames), the 
capabilities of this approach to estimate (or 
correlate) all flame shape properties (as op 
posed to simply luminous flame lengths), and 
the performance of this approach for truly 
steady and nonbuoyant round laminar jet diffu- 
sion flames, are all issues that need to be 
addressed. 

Based on the previous discussion of the liter- 
ature, several aspeas of the shape of nonbuoy- 
ant round laminar jet diffusion flames need to 
be resolved, as follows: to what extent have past 
observations using ground-based microgravity 
facilities been affected by transient develop 
ment or disturbances of the flames, to what 
extent have differences between stoichiometric 
conditions and the limits of visible luminosity 
from soot affected estimates of flame shapes, 
and to what extent can flame shape data be 
predicted (correlated) by shpl&d analysis? 
These issues were addressed during the present 
investigation based on observations of nonbuoy- 
ant round laminar jet diffusion flames at long- 
duration microgravity conditions on board the 
orbiting Space ShutYJe Columbia, and by evalu- 
ation of simplified anatysis of flame structure 
using these observations, with the following 
specific objectives: 

1. Measure the shapes (lumhous flame bound- 
aries), and d a t e d  properties such as lu- 
minous flame lengths and diameters, for 
various fuel types, jet cxit diameters, jet cxit 
flow rates (Reynolds numbers), and ambient 
7 
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2. Compare the present measurements with 
earlier ground-based observations having 
similar burner conditions in order to help 
quantify effects of transient flame develop 
ment, flow disturbances (g-jitter), soot lumi- 
nosity, and buoyancy on flame shape proper- 
ties. 

3. Exploit the measurements in order to evalu- 
ate the simple flame shape analysis of Spal- 
ding [22] and develop this approach to pro- 
vide convenient correlations of flame shape 
measurements for use by others. 

Present observations were limited to sootan-  
taining ethylene- and propane-fueled flames 
burning in still dry air, at conditions near the 
laminar smoke point. 

The following description of the study begins 
with consideration of experimental methods, 
rest conditions, and tbeoretical methods. Re- 
sults are then discussed, considering luminous 
flame lengths, luminous flame diameters, and 
luminous flame shapes, in turn. Major conclu- 
sions are summarized at the end of the article. 

EXPERIMENTAL METHODS 

Experimental methods will be only briefly de- 
scribed; see Urban et al. [27] for more details. 
The laminar jet diffusion flames were stabilized 
at the exit of round fuel nozzles located along 
the axis of a windowed cylindrical chamber. The 
chamber had a diameter of 400 mm, a maximum 
tngth of 740 mm, an internal volume of 0.082 
m3, and was operated at pressures of 35-130 
e a .  The chamber was fiiled with oxygednitro- 
gen mixtures to provide the nominal composi- 
tion of dry air (21 -t 1% oxygen by volume). The 
pressure, temperature, and composition of the 
gas surrounding the test flames all varied 
slightly over the flame burning periods due to 
the limited amount of air within the closed 
chamber. The greatest change involved the 
composition of gas within the chamber but even 
this was controlled so that the maximum oxygen 
consumption never exceeded 2% by volume 
during any flame test. These conditions were 
maintained by venting the chamber to space and 
adding fresh dry air (as needed) prior to each 
test. 

Two fuel nozzles, consisting of constant diam- 

eter cylindrical stainless steel tubes having in- 
side diameters of 1.6 and 2.7 mm, wall thick- 
nesses of 0.28 mm, and lengths of 148 mm from 
the inlet plenum, were used. The inlets of these 
nozzles had flow straighteners while the overall 
length-todiameter ratios of the passages were 
greater than 55:1, which was sufficient to yield 
fully developed laminar pipe flow at the nozzle 
exit for the present test conditions (172 2 Re, 
2 46). The test fuels were stored in cylinders 
and were delivered to the nozzles through sole- 
noid valves and a mass flow rate controller and 
sensor. The flames were ignited by a hot wire 
coil that was retracted from the nozzle exit once 
ignition was successful. 

Several measurements were made to monitor 
flame operation as fo l lm:  fuel flow rate with 
an accuracy of 0.81, fuel temperature at the 
nozzle inlet with an accuracy of ?1.5 K, cham- 
ber pressure with an accuracy of 1.2%, and 
chamber gas temperature (far from flames) with 
an accuracy of -t 1 K. These measurements were 
recorded at a rate of approximately 1 Hz. 

Flame shapes (luminous flame boundaries) 
were measured from images obtained using a 
standard color CCD video camera (Hitachi, 
Model KP-C553). The camera had a 125 X 164 
mm field of view and a depth of field of 25 mm 
centered on the flame axis. The spatial resolu- 
tion of the recorded images was better than 0.3 
mm. It  was not possible to adjust image bright- 
ness on orbit; therefore, it was necessary to 
select camera settings so that the flames having 
the smallest levels of luminosity (found from 
ground-based tests at microgravity using a free- 
fall facility) could still be observed. This implied 
that the flame images were generally overex- 
posed although they still provided sharp images 
of luminous flame boundaries. Flame images 
were recorded at a rate of 30 image&. The 
flames were unusually symmetric; nevertheless, 
the shapes reported here represent average 
positions for the two sides. 

TEST CONDITIONS 

The test conditions of the present flames are 
summarized in Table 1. A total of 21 flamol 
were observed, yielding the following ranges of 
test properties: ethylene- and propane-fueled 
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TABLE 1 

Summarv of Y s t  Conditions 

~~ 

GHJairflamqd - 1.6 mm,Z, = 0.0636: 
41E. I00 1.84 
03E' 50 1.84 
01E 100 0.71 
OZE 50 0.76 
03E 50 1.24 
04E 65 0.91 
14E 80 0.67 
15E 100 0.61 
16E 65 0.74 
17E 35 134 

GH+lair Unwr. d = 2.7 mm, Z. = 0 . m  
OSE 65 1.14 
06E 80 1.16 
Q7E 100 1.08 
08E 50 138 

W a i r  flames, d - 1.6 mm, Z. = 0.0602: 
09P 130 0.78 
10P 50 1.82 
11P 65 1.22 
12P 100 0.88 
13P m 1.m 
48P 80 0.82 
19P 100 0.71 

820 
1630 
320 
6 m  

1140 
6m 
370 
270 
510 

1690 

270 
230 

430 
im 

170 
1020 
530 
250 

290 
m 
370 

138 
138 
54 
57 
97 
68 
50 
46 
56 

100 

51 
51 
48 
62 

73 
172 
116 
83 
99 
78 
67 

121 

130 
53 ' 

64 
86 
97 

109 
75 
40 

n 

215 
269 
302 
173 

277 
lu) 
144 
218 

164 
191 

in 

4 9 3  13.7 
63.0 1 4 2  
20.6 126 
17.7 13.1 
365 13.8 
26.5 13.1 
iao 129 
14.7 11.5 
19.0 13.4 
34.0 14.7 

29.1 21.4 

255 19.6 
373  21.4 

303 20.9 

233 17.4 
61.4 18.8 
38.1 17.4 
27.1 16.6 
324  17.2 
23.9 16.9 
19.0 16.1 

~~ 

E 01E' and 03E' slcre carried out on flight SIS-83, all other tcstsvmc canied out on f l i t  S I S W .  Only tcsB 01E*, ME', 
and 01E iavdvtd soot-cmitting flames m the period when h e  shape observations were made. 

Mcan vcloeity b.pcd on fuel dcnsily 81 jet u i t  ( n o d  prarurc and 300 K). 
Mean Reynolds number based on fuel viscoSitics at jet exit (300 K), is., 10.6 mgl(sm) for ethyknc and 8.4 @(a) for 

proppac. 

flames in burning dry air, ambient temperatures 
and pressures of 300 K and 35-130 kPa, jet exit 
diameters of 1.6-a~d 2.7. ran, jet e&vcl-ocities 
of 170-1630 mm/s, jet exit Reynolds numbers of 
46-172, characteristic residence times (defined 
as 2L,/u,) of 40-302 ms, and luminous flame 
lengths of 15-63 mm. 
For convenience, the test numbers have the 

suffixes E and P to denote ethylene- and pro- 
pane-fueled flames, respectively. Asterisks are 
used to denote the two tests completed during 
flight STS-83. It should be noted that the char- 
acteristic residence times of the present flames 
are large (40-302 ms) compared to most prac- 
tical applications where characteristic residence 
times are typically less than 10 ms. As men- 
tioned earlier, present flames were generally 
relatively close to laminar smoke point condi- 
tions with test flames OlE', 03E*, aqd OlE 

actually emitting soot in the period when flame 
shape observations were made. The remaining 
Barnes all contained soot but were not emitting 
soot. 

THEORFzlCAL hfETHODS 

The goal of the analysis was to develop a 
convenient method to help interpret and corre- 
late the present flame shape measurements. A 
set of easily used equations was sought, along 
with recommendations for selecting the thermo- 
chemical and transport properties appearing in 
these equations, as opposed to more complete. 
methods that would require numerical solutions 
on a computer. Thus, the basis for this approach 
was the simplified analysis of nonbuoyant round 
kminar jet diffusion flames due to Spalding 



60 

420 K-C.L.INFTAL 

[PI. The following description of the analysis is 
brief and concentrates on the present applica- 
tion of the approach; see Spalding [22] and Kuo 
123) for more details. 

The major assumptions of the flame shape 
analysis of Spalding [U] are as follows: (1) 
attention is limited to steady, axisymmetric lam- 
inar jet diffusion flames burning at constant 
prcssure in still environments; (2) effects of 
buoyancy and associated changes of potential 
energy are negligiile; (3) the Mach number of 
ctse flow is small so that effects of viscous 
dissipation and changes of kinetic energy can be 
ignored; (4) the flame has a large aspect ratio so 
that diffusion of mass (species), momentum, 
awl energy in the streamwise direction is small; 
(5) for the same reasons, the solution of the 
governing equations can be approximated by 
hr-field conditions where the details of initial 
conditions at the jet exit can be replaced by jet 
invariants for the conservation of mass (ele- 
ments), momentum, and energy in the integral 
sense; (6) all chemical reactions occur in a thin 
fhme sheet with fast chemistry so that fuel and 
oxidant are never simultaneously present at 
finite concentrations; (7) the diffusivities of 
mass (of all species), momentum and energy are 
dl equal; (E) all themophysical and transport 
properties are constant throughout the flame; 
and (9) effects of radiation are small. The fint 
three assumptions are justified as conditions of 
tbe present experiments. The fourth and Ntb 
assumptions are justified for at least the portion 
of the present measurements that have large 
aspect ratios (e+, present measurements sum- 
marized in Table 1 involve flame aspect ratios, 
2L,/w,, in the range 2-9, and burner aspect 
ratios, L,fd, roughly four times larger). The 
sixth assumption prescribing a thin diffusion 
flame sheet has a long history of effective 
application to fmd the shape of laminar diffu- 
uon flames, extending back to the classical work 
of Burke and Schumann (21. The remaining 
assumptions, however, are not satisfied by lam- 
inar jet diffusion flames and were only adopted 
here so that a simple formula for flame shapes 
could be found, and due to past success of 
similar approximations for analysis of the 
shapes of laminar diffusion flames [20-241. 

Solution of the governing equations using the 
present assumptions, after associating the locp- 

tion of the luminous flame boundary with the 
location of the thin flame sheet where the 
stoichiometric mixture fraction is reached, 
yields the following expression for the luminous 
flame length [QUI: 

L,4d = (3/32)Re/Z,,. (1) 
The value of Z, in Eq. 1 can be found simply as 
the mass fraction of burner exit fluid (fuel in the 
present case) in a stoichiometric mixture of 
bumer-exit fluid and ambient fluid (air in the 
present case); these values are summarized in 
Table 1 for the present test conditions. The 
variation of 2, is not large for combustion of 
hydrocarbon/air mixtures; thus, while the varia- 
tion of 2, is small for present experiments, the 
values considered are relevant to many practical 
applications. Tbe corresponding expression for 
the flame shape, yielding the f h n e  diameter as 
a function of streamwise distance, is as follows: 

wZ,/d = 31'Z(t/Lf)[(~&)"2 - 1]"2. (2) 
Differentiating Eq. 2, and setting the result 
equal to zero, provides expressions for the max- 
imum flame diameter and the streamwise dis- 
tance where this maximum diameter is reached, 
as follows: 

wwZ.,/d = 9/16 at z /Lf  = 9/16. (3) 

Correlation of the measurements was sought 
by selecting conditions to find mean transport 
properties and introducing some empirical pa- 
rameters to match measurements and predic- 
tions. First of all, the qual diffusiity appmxi- 
mation was relaxed by introducing the Schmidt 
number into Eq. 1 because the flame sheet is 
mainly affected by mass transport properties 
represented by the Schmidt number. Transport 
properties affect Eqs. 1-3 through the Schmidt 
number and the viscosity used to compute the, 
Reynolds number. It was found that a reason- 
able correlation of luminous flame lengths 
could be obtained by approximating these prop- 
erties by the properties of air at the average of 
the adiabatic flame temperature and the ambi- 
ent temperature. This selection seems reason- 
able because air-like gases dominate the corn 
position of the present flames. The properties 
needed to find the Schmidt number and the 
meen gnr vircosity were taken from Braun et aL 
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1281. The range of the flame shape correlations 
was extended to flames having small aspect 
latios by introducing a virtual origin at a dis- 
tance Lo from the jet exit, which is a conven- 
tional step for properties like luminous flame 
lengths. The flame length expression was then 
line-tuned by introducing an empirical coeffi- 
cient, Cf, as discussed later. With these changes, 
4. 1 for the luminous flame length becomes: 

(L, - Lo)/d = (3Cf/32)ReSc/Zn, (4) 
while E.q. 2 for the luminous flame diameter 
becomes 

wZ,,ld = 31’2g(“’’2 - l)”’, 

t = (2  - Ld/(L, - Ld. 

(5) 

(6) 

&re 

Thus, the flame radius properties are only in&- 
rcctly affected by assumed transport properties, 
through the computation of the flame length of 
Q. 4. 

RESULTS AND DISCUSSION 

Flame Appearance 

Ignition conditions were established during 
ground-based tests at microgravity using a free- 
fall facility and involved fuel flow rates greater 
than the values used during the present flame 
tests. Thus, after ignition was confirmed, fuel 
flow rates were reduced to conditions near but 
generally smaller than the laminar smoke point 
fuel flow rates. Exceptions to this practia where 
wts 01E*, 03E’, and OlE, that were soot 
emitting. 

After the fuel flow rate was set, an additional 
5-10 s was required for disturbances to decay 
m a y .  The flames were then observed during an 
80-180 s quasi-steady burning period where 
flame shapes and colors changed slowly due to 
the modest variations of oxygen concentrations, 
pressures and temperatures of the gas within 
the test chamber, see Urban et al. [27] for 
typical records of chamber gas properties as a 
function of time during the experiments. Video 
records used for the present flame shape mea- 
surements were obtained near the start of the 
quasi-bumia(zperiod; thenfore, tbe mtcopdi- 

tions correspond to the nominal conditions 
summarized in Table 1 within experimental 
uncertainties. 

Typical of many past observations of soot- 
containing nonbuoyant laminar jet diffusion 
flames [8-141, present flame shapes could be 
grouped into closed-tip and opened-tip config- 
urations, which were observed for fuel flow 
rates smaller and larger than the laminar smoke 
point fuel flow rates, respectively. In fact, the 
tipopening phenomenon provided a convenient 
indicator of laminar smoke points for present 
test conditions because the d a t e d  dramatic 
change of the shape of the flame tip invariably 
corresponded to the first observations of soot 
emissions. 

Some typical video records of the present 
closed-tip laminar nonbuoyant jet diffusion 
flames are illustrated in Fig. 1. The test num- 
bers, corresponding to the test numbers of 
Table 1, are marked below each image. The 
flames illustrated include both ethylene- and 
propane-fueled flames for jet exit diameters of 
1.6 mm. The jet exits, which are visible only in 
the images of tests 02E, 03% 1 6 5  and 17E, are 
on the same side of each image as the test 
number. As noted earlier, lixcd camera settings 
imply that images of some strongly-luminous 
flames are overexposed. Thus, while the images 
provide a general indication of regions of the 
flames that have different colors, they do not 
provide an accurate representation of actual 
flame colors. In spite of this limitation, however, 
luminous flame shapes and corresponding flame 
shape parameters (e& luminous flame lengths 
and diameters) can still be identified from the 
video images. In addition to the brightly lumi- 
nous region caused by the presence of glowing 
soot velocities, blue luminosity can be seen near 
the jet exit and just beyond the edge of thd 
brightly luminous region, particularly near the 
base of the flame. The blue region was never 
resolved clearly, however, and was not visiik at 
all near the flame tip due to the presence of the 
brightly luminous region. Finally, as the laminar 
smoke point fuel flaw rate was approached, the 
flames tended to become blunt as a precursor to 
the tipopening phenomena; thus, the images of 
tests 02E, 1 6 6  and 18P are typical of blunt 
closed-tip flames. 

The present measurements of flame shape, 

’ 
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were based on the boundary of the brightly 
luminous region caused by visible radiation 
from soot because this was the most obvious 
indication of luminous flame shape. The stoichi- 
ometric flame sheet (the flame sheet based on 
the location of the stoichiometric mixture frac- 
tion) also is of great interest but this condition 
could not be resolved, as already discussed. 
Thus, the relationship between the luminous 
&me boundaries and the position of the stoi- 
chiometric flame sheet is important for inter- 
preting the present measurements. Soot con- 
centration and temperature records suggest that 
tbe present luminous flame boundaries lie just 
inside the stoichiometric flame sheet along the 
rides of the flame, not too near the flame tip; 
ree Urban et al. [27l for some typical examples. 
The same evidence suggests that the present 
luminous flame boundaries extend beyond the 
stoichiometric flame sheet in the streamwise 
direction near the flame tip, due to soot burnout 
in the lean portions of the flames because 
present test conditions were close to laminar 
smoke points. Unfortunately, the extent of the 
streamwise overlap cannot be quantified di- 
rectly because local mixture fractions are not 
known for the present flames. As discussed 
carlier, past measurements in laminar jet d f i -  
rion flames suggest that the luminous flame 
kngth might be as much as twice the flame 
length based on the location of the stoichiomet- 
ric conditions along the axis for conditions near 
the laminar smoke point [15-181. Thus, in order 
to help quantify differences between luminous 
and stoichiometric flame lengths, the flame 
lengths of both sootcontaining and soot-free 
nonbuoyant lammar jet diffusion flames for 
similar burner and buoyancy conditions will be 
compared in the following. 

Some typical video records of opened-tip 
nonbuoyant laminar jet diffusion flames arc 
illustrated in Fig. 2. The identification of test 
Fonditions and the location of the burner exit 
are the same as Fig. 1. The flames illustrated 
include ethylene-fueled flames for a jet exit 
diameter of 2.7 mm and propane-fueled flames 
for a jet exit diameter of 1.6 mm. The dramatic 
difference between the shape of the tips of 
closed- and opened-tipped flames is clearly ev- 
ident by comparing the flame images of Figs. 1 
and 2. Measurements of the structure of 

opened-tipped flames show that soot is mainly 
confined to an annular region, and that little 
soot is present along the flame axis [27l. Thus, 
soot luminosity from the annular-soot contain- 
ing region, combined with small levels of soot 
luminosity along the axis, is responsible for the 
blunt or even cusplike luminous shape of the 
tip of these flames when viewed from the side as 
projections. The flames illustrated in Fig. 2 have 
fuel flow rates slightly smaller than the laminar 
smoke point fuel flow rates. Video images of 
opened-tip flames that are emitting soot, tests 
01E' and 03E*, appear in Urban et al. [27l; 
however, they are qualitatively similar to the 
opened-tip flames illustrated in Fig. 2. 

Name Lengths 

The luminous flame length of laminar jet diffu- 
sion flames is a widely reported property that is 
used to both characterize flame shapes and to 
summarize soot emission properties (as laminar 
smoke point flame lengths). The luminous 
flame lengths reported here are the streamwise 
distances between the burner exit and the far- 
thest downstream plane normal to the flame 
axis that contacts a luminous region of the flame 
[either along the axis for closed-tip (non-soot- 
emitting or nonsooting) flames or at the annular 
soot layer for opened-tip (nonsooting and soot- 
emitting or sooting) flames]. It is well known 
that Ldd can be correlated as a linear function 
of the jet exit Reynolds numbers, Re, for buoy- 
ant laminar jet diffusion flames for a given fuel 
and ambient environment, however, each fuel 
has its own individual correlation curve [19-241. 
Bus, the performance of similar correlations 
will be considered for the present nonbuoyant 
laminar jet diffusion flames, based on the simple 
classical theory of Spalding [U] as discussed 
earlier, seeking a general correlation capable oc 
treating various fuels, burner diametem, and 
ambient environments (pressures, tempera- 
tures, oxygen concentrations, e&). 

Measured and predicted luminous flame 
lengths of the present nonbuoyant laminar jct 
diffusion flames are illustrated in Fig. 3. These 
results are presented as suggested by the mod- 
ified Spalding [22] anatysi Eq. 4, with (L ,  - 
L,)/d plotted as a function of ReSclZ,. Mea- 
sured luminous flame lengths are shown for aD 

. 
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F@ 1. Video imager of I Y P ~  closed-tip lumnous hydrmrbodau l amar  jet 
d 18P). 
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0 1 0 0 2 0 0 9 0 0 4 0 0 5 0 0  

ReSclZ,  

Fig. 3. Measured and predicted lumiwus flame Icngthc of 
mnbuoyant hydrocarbodair laminar jet diffusion flames as 
8 function of RcSclZ.; measurements from present space- 
based uperimcnn. 

the test conditions summarized in Table 1, with 
non-sooting and sooting flames denoted by 
closed and open symbols, respectively. The val- 
ues of 2, used for the ethylene-fueled and 
propane-fueled flames are summarized in Table 
1; other properties were taken from Braun et al. 
[B]. Values of Sc were based on the properties 
of air at the mean temperature of the flames; 
these values do not vary significantly over the 
present test range so that a mean value of Sc = 
0.76 was adopted for all the predictions. The 
value of p used to find the Re in Eq. 4 was also 
based on the properties of air at the mean flame 
temperature. A virtual origin at LJd = -3.2 

was selected so that the fit of present data 
passed through the origin of the plot. This type 
of initial flame displacement seems quite rea- 
sonable because the flames generally attached . 
somewhat below the jet exit; see Figs. 1 and 2. 
Furthermore, this empirical displacement of the 
origin should hold for other flames at similar 
conditions. In addition, this displacement of the 
virtual origin, LJd = -3.2, is relatively small 
compared to the present normalized flame 
lengths (Ldd in the range 9-39), which is typical 
of conventional use of virtual origins to extend 
large aspect ratio correlations to modest aspect 
ratio conditions. Finally, plots of Eq. 4 for the Cf 
= 1.00 (denoted theory) and a best-fit correla- 
tion for the present data for Cf = 1.13 (denoted 
correlation) are also shown on the figures for 
comparison with preseni measurements. For 
convenience, values of the virtual origin and C ,  
for all the flame length correlations considered 
here are summarized in Table 2. 

The unprecedented steadiness of the present 
nonbuoyant laminar jet diffusion flames at mi- 
crogravity minimized measurement uncertain- 
ties and yielded the remarkably unscattered 
correlation of luminous flame lengths illustrated 
in Fig. 3. The results for closed-tip and opened- 
tip flames are illustrated but there is little to 
choose between the two because tip opening 
does not modify luminous flame lengths signif- 
icantly. This is somewhat surprising because the 
end of luminosity in soot-emitting flames is 
caused by soot particles cooling below a level 
where they can be- observed rather than by soot 
burnout which is the case for the other flames. 
Nevertheless, these different mechanisms for 

TABLE2 

summary of namc Length correlstions 

Flame system source Ldd 'Cp 

Spaoeaascd, vatcootpining RCscnr uudy -3.2 1.13 
and mmbuoysnt 

nonbuoyant 

buoyant 

nmbuoyant 

KC-135, sootsonlahklg and sUdertand et al. p4r 0.4 0.80 

1% sool-mltaining and urban et al. (261 -1.0 057 

Drop tower, soot-free md sunderland et al. 113) 2 7  056 

- -~ ~ 

a Reviously unpublished mcasuremenls obtained dunng tbe murse of the dted study. 
The slope of the flame length wrrelarions in Figs. 3 and 4 ean be. found by multiptying the C, by 3/32, following Eq. 4. 
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Fig. 4. Lumiwclr flame lengths of hydrocarbon/air laminar 
ja diffnsi i  Bamcs as a funaion 0fRcSclZ.; correlation of 
lsopsuremcn~ d v ~ - f r c e  (Mue) flames from Sunderland 
U al. (131, comLtiOa of meaSuremnts of KC-135 flames 
obcaincd during the study reported by Sunderland cr al. [14], 
l p s ~ l n m e ~ t s  (ymbolr) and mrrclation of I-g flames 
rcported by Urban I PI. 1261 and mrrclarion of measure- 
-6 of the plaMt spacc-based flames. Now that the 
.pious CWtLbans arc terminated at the upper end of their 
amspooding w. 

d i n g  flame luminosity do not have a large 
&ect, with the luminous flame length correla- 
tions of the wnsooting and sooting flames being 
essentially the same; therefore, both sets of data 
are included in the present correlation accord- 

The DreSent selections of mean transrmfi 
ing to Eq. 4. 

are based on experiments with laminar jet dif- 
fusion flames in still air having burner exit and 
test chamber configurations similar to the 
present space-based experiments and are plot- 
ted according to the Spalding (221 analysis. The 
resulting best fit values of LJd and Cf for each 
of these sets of data are summarited in Table 2. 
AU the measurements illustrated in Fig. 4 cor- 
related quite nicely accordmg to Eq. 4, and have 
relatively small virtual origins as summarized in 
Table 2. On the other hand, flame lengths differ 
considerably for the various test conditions with 
present space-based flames clearly longer than 
the rest; this behavior is quantified by the values 
of C, summarized in Table 2. Reasons for this 
behavior are discussed next. 

The results closest to the present measure- 
ments in Fig. 4 are based on a correlation of 
earlier measurements of luminous flame lengths 
of nonbuoyant sootcontaining flames for test 
conditions similar to the present measurements 
except carried out at low gravity using the 
KC-135 aircraft facility (141. These low-gravity 
tests were completed to assist the development 
of the present space-based microgravity experi- 
ments so that burner properties were the same 
and laminar smoke point conditions were a p  
proached. Finally, available times at low gravity 
were relatively long, roughly 20 s, to m i n i  
potential effects of unsteadiness. Thus, these 
test conditions provided reasonably close simu- 
lations of the present space-based microgravity 
experiments. Nevertheless, the best-fit correla- 
tions of the two sets of measurements indicate 

&r$singly good agreement with the measure- 
ments. In particular, the best fit value of Cf is 
only 13% larger than unity. This behavior is 
rornewhat fortuitous, however, because the lu- 
minous flame length corresponds to the end of 
tbe sootcontaining region at near laminar 
smoke point conditions, which generally is 
downstream horn the position of the stoichio- 
metric flame sheet, as discussed earlier. 
Several additional experimental determina- 

tions of luminous flame lengths are plotted 
dong with the present measurements in Fig. 4 
m order to gain insight about effects of un- 
steadiness, buoyancy, and soot luminosity on 
luminous flame lengths. In order to provide a 
n n i l i e d b r i a f o r ~ 8 l l t h a e @  

longer, ty'roum XI%, than the ~ e s  d; 
semed using the KC-135 facility. These differ- 
ences are attriiuted to well-known effects of 
disturbances of the gravitational field whenus- 
ing aircraft facilities (g-jitter) with enhanced 
mixing due to thest distwbancm ten- to 
reduce luminous flame kngths 

The results next closest to the present mca- 
mrements in Fig. 4 are based on a correlation of 
earlier measurements of luminous flame lengths 
of buoyant sootcontaining flames for test con- 
ditions similar to the present experiments ex- 
cept carried Out at normal gravity [%]. These 
tests were completed to assist development of 
the prartnt space-based experiments 60 that 
bnrrpcr proptux were the same and laminar 
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smoke point conditions were approached. Sim- 
ilar to other observations of buoyant sootcon- 
taining laminar jet diffusion flames 1191, these 
flames provide the linear correlation between 
luminous flame lengths and fuel flow rates 
mentioned earlier. Nevertheless, the present 
space-based flames are roughly twice as long as 
the buoyant flames, due to the absence of 
enhanced mixing caused by convection effects 
resulting from buoyant motion. 

The last series of luminous flame lengths 
ihstrated in Fig. 4 are due to Sunderland et al. 
[13] and yield a laminar flame length correlation 
very similar to the results for buoyant flames but 
for very different reasons. The luminous flame 
length measurements of Sunderland et al. (131 
involved nonbuoyant soot-free (blue) methane-, 
ethane-, and propane-fueled round laminar jet 
diffusion flames burning in still air at rnicrograv- 
ity using a 22 s drop tower facility. The burner 
properties were similar to the present space- 
based experiments. As noted earlier, burner 
diameters, fuel flow rates and ambient pressures 
were manipulated in order to eliminate the 
pre.wnce of soot so that blue flames were ob- 
served whose location could be associated with 
the position of the stoichiometric flame sheet. 
These same tactics also reduced characteristic 
flame residence times to minimize effects of 
transient flame development. The luminous 
fkme lengths of Sunderland et al. [13] exhibit 
somewhat greater scatter than the present 
space-based laminar flame lengths (see Fig. 3) 
when correlated according to Eq. 4; this behav- 
ior is probably due to ignition disturbances and 
flame development effects caused by the limited 
available test time at microgravity. Neverthe- 
kss, a reasonably good correlation between 
predictions and measurements is achieved. 
(Note that Sunderland et al. [13] also compare 
their luminous flame lengths to predictions 
from Burke and Schumann [2], Roper [21] and 
Klajn and Oppenheim [24].). The luminous 
flame lengths of the present space-based flames, 
bowever, are roughly twice as long as the non- 
buoyant soot-free flames; this difference is felt 
to be mainly due to the different locations of the 
luminouS flame length and the stoichiometric 
flame sheet as the laminar smoke point is 
approached, as discussed earlier. Notably, Sun- 
dnlend and - [IS, 161 find rimiLr 

differences between these two locations along 
the axis of their weakly-buoyant flames as the 
laminar smoke point is approached for similar 
fuels, which tends to support this conclusion. 

Flame Diameters 

The normalized maximum flame diameter, 
w-ZJd, is simply a constant value, 0563, 
according to Eq. 3. This implies that maximum 
flame diameters for nonbuoyant laminar jet 
diffusion flames burning in stiU air are only 
functions of the jet exit diameter and the st& 
chiomem, and are remarkably independent of 
parameters associated with fuel flow rates am-l 
transport properties, such as Re and Sc. An- 
other parameter of interest is the flame diamb 
ter at the mid-pint of the flame, t = 1R. 'Ibis 
parameter can be readily found from Eq. 5, as 
follows: 

~ , ~ ~ ~ , / d  = 0.557 at t = 1/2. (7) 
Thus, w- and wl I2  are essentdy the same, 
mainly because the streamwise locations of 
these positions are not very different. Tlsfzs, 
flame diameter results will be presented in thc 
following as w- in order to avoid cluttcrimg 
the plots. 
As noted earlier, the blue stoichiomebic 

boundaries could not be identified for the 
present test flames due to the adjustment hi- 
tations of the color video camera. Thus, the 
maximum luminous flame diameter was found 
from the luminous boundaries of the soat- 
containing region, similar to the present lu& 
nous flame lengths. Measurements of rodhl 
temperature distributions in the Vicinity of tbt 
maximum flame diameter (see Urban et al. [n] 
for some typical examples) suggest that tqr: 
stoichiometric flame sheet was just outside 
these boundaries. 
Measured and predicted normalized maxi- 

mum flame diameters, w-Z.,/d, are pk#ad 
as a function of normalized luminons flame 
lengths in Fig. 5. Resent measurements fur 
both ethylene- and propanefueled flames are 
shown. The predicted correlation of Eq. 3, dong 
with the best-fit values of the measurements tar 
the ethylene- and propane-fueled flames arc 
.bo shm on the plot. 
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The experimental results illustrated in Fig. 5 
arc in remarkably good agreement with the 
predictions. There is a slight tendency for w- 
to increase with increasing luminous flame 
hgths but present flames are relatively long, 
(L, - L,)/d > 10, and maximum flame diam- 
etas are essentially independent of flame 
kagth, agreeing with the trend predicted by the 
theory. The measured normalized maimum 
luminous flame diameters are slightly scattered 
about the prediction, with the best fit values of 
0518 and 0.647 for the ethylene- and propane- 
fueled flames, respectively, compared with the 
thcotetitxd~rediction ~ f - 3 .  The.locations of 
the normalized maximum flame diameters for 
dmed-tip flames also correspond reasonably 
Wan to estimates from Eq. 3, i.e., they are 
atsend at roughly the mid-point of the flame; 
re Tcst 03E illustrated in Fig. 1. The maximum 
h m e  diametus for the blunt-tipped and 
opened-tip flames are observed beyond the mid- 
point toward the tip of the flames, see the 
Barnes illustrated in Fig. 2. This may help ex- - why the average values of wWZ,Jd for 
the present propane-fueled flames is larger than 
the value of this parameter for the ethylene- 
fueled flames, because most of the propane- 
fueled flames have the opened-tip configura- 
tioo; SOC Fig. Z Thus, based on the rather 

effective predictions of flame widths from Eq. 2, 
it becomes clear that the larger jet exit diameter 
is mainly responsible for the larger flame diam- 
eters, and smaller flame aspect ratios, for the 
luminous flame boundaries of Tests 05E, 06E, 
and 08E illustrated in Fig. 2 (see Table 1). 
Finally, the effectiveness of the predictions of 
Eq. 3 are somewhat startling because the rcsults 
cannot be fitted to the measurements by appro- 
priately selecting a condition to estimate mean 
transport properties in the same manner as the 
luminous flame length correlation. 

Flame Shapes 

Present predicted and measured luminous 
flame shapes are compared in the following as a 
final step in the evaluation of the effeaiveness 
of Eq. 4 due to Spalding [22] for correlating 
luminous flame shape data. This comparison is 
illustrated in Fig. 6 for some typical closed-tip 
flames, with the radial position of the luminous 
flame boundary plotted d i r e  as a function of 
streamwise distance. The predictions shown in 
the figure were computed as hi in con- 
nection with Figs. 2-5, using the best fit values 
of C, and L J d  given in Table 2. The agreement 
between measurements and predictions is seen 
to be excellent for Tests 03E and 16E in spite of 
the complexity of the flame processes that de- 
fine the location of the luminous ftame bound- 
aries and the simplicity of the Spalding [=] 
theory. The comparison between measurements 
and predictions is not quite as good for T a t  18P 
in the region near the flame tip, however, 
because this is a relatively blunt closed-tip flame 
as discussed in connection with Fie. 5. 

Measured and prcdiacd luminous flame 
boundaries for opened-tip ethylene- and pro- 
pane-fueled flames are plotted in Figs. 7 a d  8, 
respectively. It is evident that the flame lengtb ' 
predictions remain reasonably good for these 
opened-tip flames but the shapes of the tips of 
the flames are not predicted very well. Such 
behavior is certainly not surprising because the 
theory does not consider processts of flame 
extinction along the axis and the formation of 
an annular soot layer. Nevertheless, the fortu- 
itous qualitative agreement between ,measure 
mens and predictions should still be helpful tix 
estimating the flame-containing region of now 
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buoyant laminar jet diffusion flames when im- 
aging systems are designed for nonintrusive 
measurements of flame properties, if this find- 
m g  proves to be robust for reasonable ranges of 
test conditions. 

Measured and predicted luminous flame 
shapes for the present nonbuoyant laminar jet 

diffusion flames are plotted according to the 
normalized variables of b. 4 in Figs 9 and 10 
for selected closed-tip and opened-tip flames, 
respectively. Predictions shown on these plots 
were obtained as described m connection with 
Figs. 3 and 5. As expected from the results 
discussed thus far, the agreement between mea- 

40 r O5E. 65 kPa 40 r M E ,  80 kPa 40 r OB€, 50 kPa 

. 
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surcments and predictions is excellent for the observed between measurements and prcdp- 
dad-t ip  flames in Fig. 9, except for the blunt- tions as the flame tip is approached. In addition, 
tipped flames that are seen as the laminar thetendencyforopened-tipflamatobebrord- 
d e  point fuel flow rate is approached. The est near the flame tip, as opposed to the mid- 
operred-tip luminous flame shapes are not pre- point as indicated by theory, is evident. Nwcr- 
Wed as well, with significant discrepancies theless, the qualitative agreement betwacll 
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measurements and predictions, even for observed as fuel flow rates approached the 
opened-tip flames, is quite good considering the tipopening condition. 
simplicity of the model. 3. The simplified theoretical analysis of non- 

buoyant laminar jet diffusion flames due to 
Spalding [E] yielded excellent correlations 
of the luminous flame shapes of closed-tip CONCLUSIONS 

The luminous flame shapes of steady, nonbuoy- 
ant, round laminar jet diffusion flames were 
studied at microgravity during long-term tests 
b e d  out in an orbiting space shuttle. Test 
conditions involved ethylene- and propane-fu- 
t k d  flames burning in still air at ambient tem- 
peratures of 300 IC, ambient pressures of 35-130 
kPa, initial jet diameters of 1.6 and 2.7 mm, and 
jet exit Reynolds numbers of 45-170 to yield 
huninous flame lengths of 15-63 mm. 'Ihesc 
test conditions involved sootcontaining lumi- 
llous flames near laminar smoke point condi- 
tions, and included both nonsooting and sooting 
5 m e s .  The new measurements were used to 
evaluate predictions of luminous flame shapes 
based OD the simple classical theory of nonbuoy- 
ant laminar jet diffusion flames due to Spalding 
[U]. The major conclusions of the study are as 
foHowS: 

I.' m e  present soot-containing luminous flames 
had larger luminous flame lengths than ear- 
lier ground-based observations: 40% larger 
than the luminous flame lengths of soot- 
containing nonbuoyant flames observed us- 
ing an airaaft (KC-135) facility due to re- 
duced effects of gravitational disturbances 
(g-jitter), roughly twice as large as the lumi- 
nous flame lengths of sootcontaining buoy- 
ant flames at normal gravity due to the 
absence of effects of buoyant mixing, and 
roughly twice as large as the luminous flame 
lengths of soot-free nonbuoyant flames ob- 
served by Sunderland et al. [13] using drop 
tower fadlities due to the presence of soot 
luminosity and possible reduced effects of 
unsteadiness. 

2 Similar to earlier observations of sootan-  
taining nonbuoyant laminar jet diffusion 
5ames (7-12, 141, prcseet luminous flame 
&apes could be grouped into closed-tip and 
opened-tip configurations, which were ob- 
rerved for fuel flow rates smaller and larger 
than the laminar smoke point fuel flow rate, 
respectively. Blunt-tipped flames were also 

sootcontaining and soot-free flames upon 
adjusting an empirical flame length paramc- 
ter to account for the fact that flame I& 
nosity ends at the location of soot co~~sump 
tion and at the location of the stoichiometric 
flame sheet along the axis of sootcontaining 
and soot-free flames, r e s m e l y .  Nevertho- 
less, the slopes of the flame length correla- 
tions in Fig 4 differed by roughly a factor d 
2 for nonbuoyant soot-free (blue) and soot- 
containing (near the laminar smoke point 
limit) !lames. This difference is consisten& 
however, with the ratios between luminollr 
flame lengths and stoichiometric lengths for 
sootcontaining flames reported previously 
[15-181. 

4. Remarkably, the simplified theoretical anal- 
ysis of nonbuoyant laminar jet diffusion 
flames due to Spalding [U] fortuitously sti l l  
yields reasonably good predictions of lumi- 
nous flame shapes for sootantaining non- 
buoyant opened-tip flames as well as far 
conventional buoyant flames, after appropxi- 
ate selections of empirical flame length pa- 
rameters. Thus, taken together, the simpk 
formulation of Eq. 4 exhibits encouraging 
potential to correlate the luminous flamc 
boundaries of laminar jet diffusion flames 
that should be useful for designing imaging 
systems for nonintrusive measurements of 
flame properties. 

5. Based on the present correlations of lumi- 
nous flame boundaries for nonbuoyant lam- 
inar jet diffusion flames, luminous flame 
lengths increase linearly with fuel flow rate' 
but are relatively independent of jet wit 
diameter and pressure, while maximum lumi- 
nous flame diameters increase linearly with 
jet exit diameter but are relatively indepem 
dent of fuel flow rate and pressure. Both 
dimensions, however, are proportional to the 
stoichiometric mixture fraction, although thir 
parameter was not varied sufficiently d u i q  
the present experiments to test predictions of 
this treod. 
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The correlation of Q. 4 from Spaldhg [Z] 
should be used with caution outside the present 
t a t  range. Additional experiments are needed lo. ~ ~ ~ ~ ~ . , y ~ ~ F  &? aaj 
to this e q r a i o n  during 11. Bahadori, M. Y., Edelman, R. B., Stoflrcr, D. p., Sola., 
space-based tats at microgravity, emphasizing R. G., and Vaughan, D. F., AIAA Paper No. 924243, 

1992. 
smoke point and the relationship between the l2 Bahadai. M. y- st-* D. p.. v- D. F- 

L. and Edclman, R B., in Modem DNdopmpyr h 
Enmv. - ' andSpcamrcqy(F.kWilli.rm locations of tbe luminous flame boundaries due 

to the presence of soot and the location of the et PL, eds.), Pcrg.mosl, New York, 1993, Clupt. 4. 
stoichiometric flame sheet. 13. Sunderland, P. B., Meodckon, B. J., Yuan, ZC, a d  

9. Bahpdori. M. Y., S&r, D. P., and mh, R. 
AlAA Paper No. 900691.1990. 

evaluation of effects of approach to the laminar 

Urban D. L. cabur i.hnu 116376-386 119%). 
l k  rcseorch was suppmed iy NASA gmnt 
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4th test apprrmnLc w.G. T. Linteris, J. E. Vars, 
a d  R Crolcch of the NASA Johnson Space 
Ccnra who canied out the assembly of the test 
apjmratus and the aecuabn of the experimenrs on 
Ohu; and w z Doi of ne u7liversily of Michigan 
who helped wiih the cokciion of the data. 

REFERENCES 
1. Blgcr. R W, Prog E n q y  combusr Sci. 1:87 (1976). 
2 Bu~SP,.nd~umann,T.E.W.,lnd~.Chcm. 

S h,CK,andFaeth,G.M.,hg..Erqy~ 

4. Codmn, T. H, and Mlsica, W. J, lEimauh e 
dwn (I-) MI cQf&w&m ' ,mcomburtion 
InrtiNt+ pimburgb 1970, p. 821. 

5. Ha@md,J.B,Jr.,andCochran,T.&,CombvnSci 

'A Edelrms R B, Formm. 0. F., Wcilerstcin, G.. 
cochrm, T. H., and Hqggrrd, J. B., Jr., Favrcauh 
s)mrparium (1-1) on com6rrsdon, The Gnu- 

203998 (1928). 

I sCi..A5(199)). 

T d .  5291 (lm). 

burcion ~ l u ~  Pimrburgh, 197% p. 399. 
7. E~~BWI.R.B,~~B.~D~OI~,M.Y.,AUA~~~~~- 

a I).LdaLKY,-RB-.D.P,..d 
bco 13Sl (1986). 

oba. S LAW4 J. zBz# (19BO). 

14. 

. 15. 

16. 

1 7. 

18. 

19. 

m. 
21. 
22. 

Sundcrhd, P. B., MonuaVi S., FUm, G.'M., '& 
U h m  D. L. Cumbutz I.hmc %9 (1994). 
S u o d e r l a o d , P . B , ~ , O . 6 , a n d € a c t b , G . M ,  
combvn Fhmc 10&310 (1995). 
Sunderhod, P. B, W. thesis, Tbc University d 
Michigpn, A M  A h r ,  Mirbig.n, 1995. 
Mitehclz R F, LA, 
canbwr Fbmc 37227 (1980). 
%to, K, W m  F. A, d Gadm, A S, crmbwr 
sd T d .  42117 (1986). 
Sehug K. P., Wt~kii-Tb~W, Y., Y.ccpriw, P, 
and GLpspman, 1, combvl sd T d .  22235 (1980). 
lost. W,Erp&mon and Gmbumm . -&ab. 
McGraw-Hill, New York, 1946. 
Ropcr, F. G.. Combust Flame B219 (1977). 
Sprlding, D. B., cahunm . and Mass Thmfu, Per- 
p~moll. New Yok 1979.0.185. 

23. Kuo,KK?Rvlcipbo/'Canhrraon . ,JobWkyQ 

24. Klajll,M,.ndoppIbcm AK,NuvustrhSy~po. 
sirar (Ii&ma&nd) on Gwnbubm ~.Tbecombusbopr 
Insmute, Pimburgh, 1982. p. 223. 

25. Li, S. C,  G0rdon.A S., and William, E A,cabvn 
Sci Tech. 1W7S (1995). 

26. Ban, H., Venkatc4 S., and slito, K, J. Hmt T m .  
116954 (1994). 
U h ,  D. L, Y q  ZG, SundCrLod. P. B, Li.1- 
ais, G. T, Vas, J. E, lin, K C ,  Dai, Z, Sun, K, .ad 
F& G. M.,AUA 3. M:1346 (1998). 

Techmead Data Book-F'amhm &fining. hd ed, 
American Pewleum InstiluIe, Wd@lan, 1976, . 
Qptm 11 and 13. 

sons, W Y o h  1% 9.360. 

, 

27. 

28. Bmun,W.G. .Darmcr.RP,adD.nbetfT.E. ,  



72 

~ Appendix C: 

2. Dai and G.M. Faeth, Hydrodynamic suppression of soot formation in laminar coflowing jet 
lffusion flames. Proc. Combust. Inst. 28,2085-2092. 



73 

Proceedings of the Combustion Institute, Volume 28, uxw)lpp. 2085-2092 

HYDRODYNAMIC SUPPRESSION OF SOOT FORMATION IN LAMINAR 
COFLOWING JET DIFFUSION FLAMES 

Z. DAI AND G. M. FAETH 
Department of Aerospace Engineering 

Unioersity of Michigan 
Ann Arbor, MI 48109-2140, USA 

Effects of flow (hydrodynamic) properties on limiting conditions for soot-free laminar non-premixed 
hydroahonlair flames (called laminar soot-point conditions) were studied, emphasizing non-buoyant lam- 
inar coflowing jet diffusion flames. Effects of air/fuel-stream velocity ratios were of part~cular interest; 
therefore, the experiments were carried out at reduced pressures to minimize effects of flow acceleration 
due to the intrusion of buoyancy. Test conditions included reactant temperatures of 300 K; ambient pres- 
sures of 3.7-49.8 @a; methane-, acetylene-, ethylene-, propane-, and methane-fueled flames burning in 
coflowing air with fuel-port mameten of 1.7, 3.2, and 6.4 mm; fuel jet Reynolds numbers of 18-121; air 
coflow velocities of 0-6 m/s; and air/fuel-stream velocity ratios of 0.003-70. Measurements included lam- 
inar soot-point flame lengths, laminar soot-point fuel flow rates, and laminar liftoff conditions. The mea- 
surements show that laminar soot-point flame lengths and fuel flow rates can be increased, broadening 
the range of fuel flow rates where the flames remain soot free, by increasing &/fuel-stream velocity ratios. 
The mechanism of this effect involves the magnitude and direction of flow velocities relative to the flame 
sheet where increased &/fuel-stream velocity ratios cause progressive reduction of flame residence times 
in the fuel-rich soot-formation region. The range of soot-free conditions is limited by both liftoff, particu- 
larly at low pressures, and the intrusion of effects of buoyancy on effective aidfuel-stream velocity ratios, 
particularly at high pressures. Effective correlations of laminar soot- and smoke-point dame lengths were 
also found in terms of a corrected fuel flow rate parameter, based on simplified analysis of laminar jet 
diffusion flame structure. The results show that laminar smoke-point flame lengths in coflowing air envi- 
ronments are roughly twice as long as soot-free (blue) flames under comparable conditions due to the 
presence of luminous soot particles under fuel-lean conditions when smoke-point conditions are ap- 
proached. This is very similar to earlier hdings concerning differences between laminar smoke- and soot- 
point h e  lengths in s t i l l  environments. 

Introduction 

Motivated by technological and public health 
problems, several methcds have been developed to 
control the soot content and emissions of hydrocar- 
bon-fueled flames. Among these, soot-control meth- 
ods based on fast mixing for non-premixed (diffu- 
sion) h e s  are of interest because they avoid the 
operational problems of additives and premixed 
combustion [ 1-31. The objective of fast mixing is to 
minimize residence times of fuel and fuel-decom- 
position products at fuel-rich conditions so that few 
soot particles develop and they can be readily con- 
sumed in the soot-oxidation regions of the flame. 
The present investigation seeks improved under- 
standing of fast mixin concepts based on experi- 

sion flames. Laminar Musion flames were studied 
because they provide relatively tractable models of 
mixing and reaction within more practical but rela- 
tively intractable turbulent difkion flames. Another 
advantage of the laminar coflowing jet diffusion 

mental observations o H laminar coflowing jet diffu- 

flame configuration is that it has been wide1 used 
to study the soot-formation properties of A s i o n  
flames (see Refs. [PSI ) .  

While fast mixing reduces soot formation within 
diffusion flames, past studies of both laminar op- 
posed and coflowing jet diffusion flames show that 
the way that mixing is canied out is important as well 
t9-171. In fact, existing evidence fmm both laminar 
and turbulent jet diffusion flames, and from empir- 
ical industrial practice, su ests that soot reductions 

velocities normal to the flame sheet are directed 
from the fuel-rich toward the fuel-lean side. This 
configuration, called “soot-formation-oxidation 
flame conditions” by Kang et al. [ 131, tends to reduce 
the residence times of soot recursors and soot at 
fuel-rich soot-formation con&ons by drawing these 
materials directly through the flame sheet toward 
fuel-lean oxidation conditions. In contrast, when ve- 
locities normal to the flame sheet are directed from 
the fuel-lean toward the fuel-rich side, called “soot- 
formation flame conditions” by Kang et al. [13], res- 
idence times of soot precursors and soot at fuel-rich 

can be achieved most e iP ectively by ensuring that 



74 

LAMINAR DIFFUSION FLAMES-Coflow Jet Flames 

soot-formation conditions are enhanced, making ox- 
idation of these materials more problematic when 
oxidation conditions are finally reached. 

Studies of effects of velocities normal to the flame 
sheet on soot formation have been canied out in 
laminar opposed and coflowing jet diffusion flames 
[9-171. During most of these studies [9-151, veloc- 
ities normal to the flame sheet were varied by vary- 
ing the compositions of the oxidant- and fuel-carry- 
ing streams. For example, diluting the fuel stream 
with an inert gas (e.g., nitrogen) while enriching the 
oxidant stream by removing existing diluent (e.g., re- 
moving nitrogen from air) promotes increased ve- 
locities normal to the flame sheet directed from the 
fuel-rich toward the fuel-lean side and yields re- 
duced soot concentrations in the flame [!&14]. AS 
pointed out by Sunderland et al. [ 121, however, these 
composition changes alone are sufficient to retard 
soot formation and enhance soot oxidation, which 
tends to reduce soot concentrations, obscuring the 
effect of hydrodynamics on soot control. In addition, 
the practical utillty of vatying reactant-stream com- 
positions to control soot formation in diffusion 
flames is relatively limited. 

The present investigation sought a direct evalua- 
tion of effects of velocities normal to the flame sheet 
on soot formation in ufusion flames by considering 
pure air and fuel reactant streams for laminar co- 
flowin jet diffusion flames. In bs configuration, en- 
hancej (retarded) airstream velocities provide en- 
trainment velocities normal to the flame sheet 
directed from the fuel-rich (fuel-lean) to the fuel- 
lean (fuel-rich) sides of the flame, which should re- 
duce (increase) both soot concentrations within the 
flame and the tendency to emit soot from the flame. 
This behavior has been observed, with enhanced air- 
stream velocities yielding sipficant increases of 
laminar smoke-point flame lengths-particularly for 
low-pressure flames, in which disturbances of the 
velocity field due to the intrusion of effects of buoy- 
ancy become relatively small [ 161. Recent numerical 
simulations from Kaplan and Kailasanath [17] ex- 
hibit similar tendencies for soot concentrations 
within laminar coflowing jet diffusion flames to de- 
crease for locally enhanced airstream velocities. Fi- 
nally, air atomization, which is widely used for soot 
control in aircraft gas turbine combustors, corre- 
sponds to an enhanced airstream velocity flame con- 
figuration, which may explain this sootcontrol 
mechanism. 

Prompted by these observations, the present in- 
vestigation considered effects of enhanced airstream 
velocities on laminar soot-point properties-that is, 
the condtion where soot is first observed in laminar 
diffusion flames. The main issue was to learn 
whether gas-phase processes (dominated by both 
diffusive and convective transport) could be con- 
trolled to yield soot-free flames by manipulating air/ 
fuel velocity ratios in the same way that gas/solid 

processes (dominated by convective transport alone) 
can be controlled to eliminate soot emissions. AS- 
sociated flame properties such as luminous flame 
lengths and flame liftoff conditions were also ob- 
served. Finally, present results define conditions 
where detailed numerical simulations of flame struc- 
ture can be evaluated without the complications as- 
sociated with soot chemistry [18-20]. 

Experimental Metbods 

Measurements were canied out at subatmos- 
pheric pressures to control the effects of buoyancy 
[21]. The test burner was a vertical coaxial tube ar- 
rangement with the fuel flowing from an inner port 
with inside diameters of 1.7, 3.2, and 6.4 mm and 
the air flowing from an outer port with an inside 
diameter of 60 mm. The air passage used beads and 
screens to provide a uniform velocity distribution at 
the burner exit; the fuel passage provided M y  de- 
veloped laminar flow at its exit. The exit of the fuel 
port was 10 mm above the exit of the air port to 
provide an undisturbed region for flame attachment. 
The air-port diameter was sufficiently large so that 
the mixing layer between the air coflow and the am- 
bient air in the vacuum chamber did not disturb the 
flame. The burner was operated within a windowed 
vacuum chamber with an inside diameter and length 
of 300 and 1200 mm, respectively. 

Acetylene-, ethylene-, propane-, and methane-fu- 
eled laminar jet diffision flames in coflowing air 
were considered with gas punties in excess of 99%, 
except for acetylene, which had a purity of only 98% 
due to contamination by the acetone that is present 
in commercial acetylene cylinders for safety pur- 
poses. Past work has shown, however, that effects of 
acetone contamination of acetylene on luminous 
flame shapes and laminar smoke-point flame lengths 
are small compared with experimental uncertainties 
[ 161. In addition to the variations of burner-port di- 
ameters and fuels mentioned earlier, test conditions 
included reactant temperatures of roughly 100 K; 
ambient pressures of 3.7-49.8 &a; fuel jet exit Rey- 
nolds numbers, Re, of 18-121; air coflow velocities 
of 0-6 m/s; and aidfuel-stream velocity ratios of 
0.003-70. Transition to turbulent flames was never 
observed during the present experiments, whereas 
characteristic flame residence times were small so 
that effects of radiative heat losses from the flames 
were negligible [8,22]. 

Results and Discussion 

Flame Appearance 

Photographs of typical soot-free (blue) and soot- 
containing ethylene/air flames at identical fuel-port 
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FIG. 1. Photographs of ethylene/air diffusion flames for 
a fixed burner diameter (3.2 mm), pressure (10.2 Ha),  and 
fuel flow rate (1.3 mg/s): left image at the laminar soot 
point at the largest possible aidfuel-stream velocity ratio, 
u,/ur = 0.2, at this condition; right image for a soot-con- 
taining flame at a relatively small aidfuel-stream velccity 
ratio, uJu, = 0.004, at this condition. 

1 0 0 t , ,  , , , , . , 1 1  

0 800 1600 2000 

il,l(z"Pl l m l  

FIG. 2. Correlations between laminar soot- and smoke- 
point flame lengths and corrected fuel flow rates for co- 
flowing laminar jet diffusion flames fueled witb acetylene, 
ethylene, methane, propane, propylene, and 1-3-butadiene 
and burning in air based on the simplified flame shape anal- 
ysis of Lin et al. [=] and Lin and Faeth [=]. Laminar 
smoke-point flame length correlations also are from Refs. 
[=I and 12-31. 

exit conditions are illustrated in Fig. 1. Effects of 
buoyancy are relatively small at this low-pressure 
condition (10.2 e a ) ,  so that flame properties ap- 
proxin -+e the non-buoyant behavior of greatest in- 
terest for practical applications. The flame on the left 
is at its laminar soot-point condition at the largest 
&/fuel-stream velocity ratio, u, /q  = 0.2, that could 
be used without liftoff at this jet exit condition. The 
flame on the right illustrates the effect of reducing 
the aidfuel-stream velocity ratio from the soot-point 
condition to a relatively small value, ua/uf = 0.004, 
while keeping all other flame properties the same. 
The reduced entrainment from the airstream at 
small u,/uf increases flame residence times at con- 
ditions where soot formation is favored, which 
causes soot to appear, as evidenced by a region of 
yellow flame luminosity near the flame tip. 

Flame Length Correlutians 

s d a r  to the observations of luminous flame 
lengths at laminar smoke points by Schug et al. [SI 
and Lin and Faeth [ 141, the present luminous flame 
lengths at laminar soot points were closely associated 
with the fuel flow rate. Measurements establishing 
this behavior and a brief discussion of a simplified 
theory that helps explain the experimental findings 
are considered in the following. 

Laminar soot- and smoke-point luminous flame 
lengths are plotted in Fig. 2 as a function of a cor- 
rected fuel flow rate suggested by simplified theories 
of flame shapes for non-buoyant laminar jet diffusion 
flames in st i l l  and coflowing gases [22$3] developed 
by extending earlier analyses [24-261. The laminar 
soot-point measurement conditions from the pres- 
ent investigation were summanzed earlier. The mea- 
sured laminar smoke-point correlations are from Lin 
and Faeth [14] for acetylene-, propylene-, and 13- 
butadiene-fueled flames burning in air at pressures 
of 19-51 Ea, a burner diameter of 6 mm, and air/ 
fuel-stream velocity ratios of 0.44.7.  Two sets of 
correlations (each) are illustrated for the laminar 
soot- and smoke-point luminous flame lengths in 
Fig. 2: one for small u,/uf based on analysis of lam- 
inar jet diffusion flames in still air 1221 and one for 
large ua/uf based on analysis of laminar jet diffusion 
flames in coflowing air [B]. There are good corre- 
lations between measured luminous flame lengths 
and the corrected fuel flow rates for both laminar 
soot- and smoke-point conditions (see Ref. [23] for 
the latter). As a result, laminar soot-point properties 
are represented by the laminar soot-point fuel flow 
rate in the following, similar to past work [14]. It is 
also evident that the correlation for laminar smoke- 
point flame lengths is roughly twice as long as that 
for laminar soot-point flame lengths at both large 
and small u,/uf limits. 

AXI explanation of the flame length behavior ob- 
served in Fig. 2 can be obtained from the flame 
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in air environments by using values of the Schmidt 
number and viscosity for air at the average of the 
adiabatic flame temperature and the ambient tem- 
perature. sirmlarly, C, = 3 for non-buoyant flames 
in stdl gases, whereas C, = 2 for non-buoyant flames 
in coflowing gases [23]. The measurements of Refs. 
[27] and [28] yield Cf - 0.5 for soot-free blue flames 
and Cf - 1.0 for flames at the laminar smoke point 
for flames in stili air [a]. These assignments provide 
the good correlations of the present results in co- 
flowing air seen in Fig. 2, as well as an explanation 
of the increased luminous flame lengths caused by 
reduced air coflow velocities and the presence of 
soot near the flame tip for these conditions seen in 
Fig. 1. 

1 1  I I I I I i, Laminar Soot-Point Properties 0.0 I 
0 2 4 6 

u. ( d s )  Both laminar soot-point and liftoff DroDerties were 1 1  

measured during the-present experiments. The tests 
were by varying the pressure range for 
each fuel based on its propensity to soot, so that 
effects of reasonable variations of aidfuel-stream ve- 

FIG. 3. Fuel flow rates at laminar soot-pint and liftoff 
conditions as a function of air coflow velocities, fuel-port 
diameter, and pressure for acetylenelair flames. 
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FIG. 4. Fuel flow rates at laminar soot-point and liftoff 
conditions as a function of air coflow velocities, fuel-port 
diameter, and pressure for ethylene/air flames. 

shape correlations based on the simplified analyses 
of Refs. [22] and (231. Ignoring small effects of vir- 
tual origins, both these correlations can be written 
to yield the luminous flame length as a function of 
the corrected flow rate parameter used in Fig. 2, as 
follows: 

L = (CnCrSc/(8n)) hf/(Z,pu) (1) 

Following Refs. [22] and [23], a simple correlation 
of equation 1 was fitted to measurements of flames 

locity ratios could be measured for flames fueled 
with each fuel in spite of limitations due to effects 
of liftoff and the intrusion of buoyancy. 

In the following, effects of air coflow on laminar 
soot-point and Moff properties are presented as 
plots of laminar soot-point fuel flow rates as a hnc- 
tion of air coflow velocities because this approach 
provides a compact presentation of the measure- 
ments. Effects of air coflow velocities on laminar 
soot-point fuel flow rates were qualitatively similar 
for the four fuels that were considered. This can be 
seen from the plots of fuel mass flow rate at soot- 
point conditions as a function of air coflow velocities 
for the various pressures and fuel-port diameters 
that are illustrated in Figs. 3-6. To indicate the tran- 
sition between soot-formation and soot-formation- 
oxidation configurations at the base of the test 
flames, the condition of ua/uf = 1 is denoted by 
reverse-shaded symbols on the plots (note that the 
soot-formation and soot-formation-oxidation config- 
urations occur for test conditions in the left and right 
of the reverse-shaded symbols, respectively). Liftoff 
conditions are denoted by the symbol at the highest 
air flow rate for each pressure and fuel-port diame- 
ter, with the extreme liftoff limit denoted by a 
dashed line. 

The measurements illustrated in Figs. 3-6 show 
that increased air coflow velocities increase laminar 
soot-point fuel rates. Notably, this behavior is ob- 
served for aidfuel-stream velocity ratios both 
smaller and larger than unity. Increasing pressures 
generally reduce allowable fuel mass flow rates and 
flame lengths for soot-free flames due to increased 
soot-formation rates and flame residence times for a 
given flame length. The relative enhancement of 
laminar soot-point fuel flow rates between small and 
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FIG. 5. Fuel flow rates at laminar soot-point and liftoff 
conditions as a function of air coflow velocities, fuel-port 
diameter, and pressure for propane/air flames. 
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FIG. 6. Fuel flow rates at laminar soot-point and liftoff 
conditions as a function of air mflow velocities, fuel-port 
diameter, and pressure for methane/air flames. 

maximum allowable values of air coflow velocities 
before liftoff, however, tends to be relatively inde- 
pendent of the pressure for a particular fuel. This 
behavior comes about because generally more in- 
tense reaction rates at elevated pressures accom- 
modate large air coflow velocities before liftoff, 
which tends to compensate for faster soot reaction 
rates at elevated pressures. Taken together, it is clear 
that sufficiently large air coflow velocities are capa- 
ble of completely suppressing the formation of par- 
ticulate soot for these conditions, supporting the 
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soot-suppression argument discussed in the intro- 
duction. The resulting soot-free flames also provide 
potentially useful conditions for evaluating detailed 
models of diffusion flame chemistry and transport at 
the computationally tractable limit of soot-free lam- 
inar diffusion flames for light hydrocarbons. 

For the present tests, the propensity of a fuel to 
soot can be associated with the pressure range for 
observing soot-free flames. On this basis, the present 
tests indcate that the propensity to form and emit 
soot progressively decreases in the order acetylene, 
ethylene, propane, and methane. This finding agrees 
with conventional determinations of laminar smoke- 
point properties based on observations of buoyant 
laminar jet diffusion flames [PSI. In addition, the 
general behavior of the laminar soot-point properties 
in Figs. 3-6 is qualitatively similar to earlier obser- 
vations of laminar smoke-point properties as a func- 
tion of air coflow velocities in Ref. [16]. 

An important issue concerning the results illus- 
trated in Figs. 3-6 is the mechanism for increased 
resistance to soot formation as the air coflow velocity 
increases for a particular fuel, fuel-port hameter, 
and pressure. Consider the simplest case, when the 
flame is in the soot-formation-oxidation condtion for 
aidfuel-stream velocity ratios greater than unity, 
which generally involves conditions in whch buoy- 
ancy does not sigdcantly affect flame velocities. 
The results discussed in connection with Fig. 2 then 
indicate that the flame shape (length) is largely con- 
trolled by the fuel flow rate and is relatively inde- 
pendent of fuel velocity at the burner exit (or the 
burner-port diameter). In contrast, the characteristic 
flame residence time, t,, is proportional to the flame 
length divided by the air coflow velocity [%I. Thus, 
given a critical residence time for the appearance of 
soot for a particular fuel and pressure, the fuel flow 
rate at the laminar soot-point limit progressively in- 
creases with increasing air coflow velocity, relatively 
independent of fuel-port diameter, which is typical 
of the behavior seen in Figs. 3-6 for reasonably large 
aidfuel-stream velocity ratios. 

The mechanism of increased resistance to soot for- 
mation as the air coflow velocity increases for a par- 
ticular fuel, fuel-port diameter, and pressure is more 
complex when the flame is in the soot-formation 
configuration (at least near the flame base). This 
generally involves conditions in which buoyancy af- 
fects flame velocities and aidfuel-stream velocity ra- 
tios are less than unity. For such conditions, increas- 
ing the air coflow velocity causes the flame to shdl 
from the soot-formation toward the soot-formation- 
oxidation configuration, which reduces the propor- 
tion of the flame residence time spent at soot-for- 
mation conditions compared with soot-oxidation 
conditions and thus tendencies for soot formation. 
Behavior of this nature can be observed from the 
soot-concentration measurements near laminar 
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int conditions in Ref. [16], where varia- 
tions smoke-rp o soot concentrations as a function of resi- 
dence time become path independent as the soot- 
formation-oxidation condition is approached. 
Similarly, this effect is not uniform for all soot pre- 
cursor paths through the present flames, whereas all 
paths are affected to some extent by reduced flame 
residence times as air coflow velocities are increased. 
These effects, and the intrusion of buoyancy, intro- 
duce greater effects of fuel-port diameter on laminar 
scot-point conditions for these flames for the simple 
soot-formation-oxidation flame configuration dis- 
cussed earlier, as seen in Figs. 3-6. Nevertheless, in 
spite of variations of flame behavior depending on 
the range of */fuel-stream velocity ratios and ef- 
fects of the intrusion of buoyancy, the general ca- 
pability of increased air coflow velocities to reduce 
the content and emissions of soot for the present 
flames is evident. 

Flame Stability Properties 

Limiting conditions for flame liftoff are plotted in 
Figs. 3-6 as a function of pressure for each fuel. At 
high pressures, fuel-port velocities are small at liftoff 
conditions, and this limit correlates quite nicely as a 
function of coflow velocity and pressure, relatively 
independent of fuel-port diameter. At low pressures, 
however, fuel-port velocities become relatively large 
and also begin to affect liftoff conditions, with small 
fuel-port diameten (which yield the largest fuel-port 
velocities) generally contributing to reduced flame 
stability. 

Conclusions 

The present experimental investigation consid- 
ered the effect of airlfuel-stream velocity ratios on 
soot processes within laminar coflowing jet diffusion 
flames for the experimental conditions summarized 
earlier. Major conclusions of the study are as follows: 
1. Laminar soot-point flame lengths and fuel flow 

rates were increased with increasing aidfuel- 
stream velocity ratios; these effects were most 
pronounced at low pressures, where effects of 
buoyancy were minimized, and initial aidfuel- 
stream velocity ratios are reasonably representa- 
tive of the entire visible portion of the flame for 
the present test conditions. These results are 
qualitatively similar to earlier measurements of 
laminar smoke-point properties, as well as recent 
predictions of soot-concentration properties [ 171, 
for similar flame conditions. 

2. Laminar soot-point flame lengths were conven- 
iently correlated in terms of a corrected fuel flow 
rate parameter based on an earlier simplified 
analysis of the structure of non-buoyant laminar 
coflowing jet diffusion flames [23]. It was found 

that laminar smoke-point flame lengths in both 
coflowing and still air environments are roughly 
twice as long as soot-free (blue) flames under 
comparable conditions due to the presence of lu- 
minous soot particles under fuel-lean conditions 
as laminar smoke-point condtions are ap- 
proached. 

3. The mechanism of increased resistance to soot 
formation with increasing air/fuel-stream velocity 
ratios at low pressures (where buoyancy does not 
significantly affect flame velocities) and large air/ 
fuel-stream velocity ratios (where the flame is in 
the soot-formation-oxidation configuration) in- 
volves progressive reduction of flame residence 
times for soot production, eventually reachingthe 
soot-free (blue) flame limit. Given a critical resi- 
dence time for the appearance of soot for a par- 
ticular fuel and pressure, this behavior is consis- 
tent with present measurements and the 
simplified analysis of the shape of non-buoyant 
laminar jet diffusion flames in coflowing air [23]. 
Notably, the shape (length) of these flames is 
largely controlled by the fuel flow rate, while the 
characteristic residence time is proportional to 
the flame length divided by the air coflow veloc- 
ity. Then, laminar soot-point fuel flow rates 
should increase with increasing air coflow veloc- 
ities for a given fuel and pressure, relatively in- 
dependent of fuel-port diameter, as observed at 
low pressures and large air coflow velocities in 
Figs. 3-6. 

4. The mechanism of increased resistance to soot 
formation with increasing aid fuel-stream velocity 
ratios is more complex at high pressures (where 
buoyancy significantly, affects flame velocities) 
and at small aidfuel-stream velocity ratios (where 
the flame is in the soot-formation configuration). 
Then, increasing aidfuel-stream velocity ratios 
causes the flame to shift from the soot-formation 
toward the soot-formation-oxidation configura- 
tion, which reduces the proportion of the flame 
residence time spent at soot-formation conditions 
compared with soot-oxidation conditions, reduc- 
ing tendencies for soot formation accordingly. 
However, this effect is not uniform for all soot 
precursor paths through the flame, whereas all 
paths are affected to some degree by reduced 
flame residence times with increasing aidfuel- 
stream velocity ratios, as discussed in conclusion 
3 above. 

Other effects observed during the present inves- 
tigation generally are consistent with earlier findings 
concerning the propensity of diffusion flames to 
fomi and emit soot [7-3]: laminar soot-point fuel 
flow rates and flame lengths tend to progressively 
increase with decreasing pressure, and the propen- 
sity to form and emit soot with variations of fuel type 
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progressively decreases in the order acetylene, eth- 
ylene, propane, and methane. Finally, in spite of lim- 
itations due to the intrusion of buoyancy, the results 
of the present investigation support the earljer find- 
ings of Ref. [16] that effects of enhanced air/fuel- 
stream velocity ratios contribute to the mechanism 
of reduced sooting tendencies for non-premixed 
flames using air atomization techniques. Neverthe- 
less, more work is needed to resolve the specific con- 
tributions of enhanced aidfuel-stream velocity ratios 
and improved atomization to reducing the sooting 
tendencies of practical spray flames. 

Nomenclature 

flame length empirical parameter 
flame length configuration parameter 
fuel-port diameter 
mass diffusivity 
air- and fuel-stream Froude numbers, 
(4 or uWZgL) 

acceleration of gravity 
laminar smoke- and soot-point flame 

lengths 
fuel mass flow rate 
pressure 
Reynolds number, 4 tiZl(n&) 
Schmidt number, vlD 
characteristic residence time, Llu, 
streamwise velocity 
stoichiometric mixture fraction 
dynamic viscosity 
kinematic viscosity 

Subscripts 
a initial property of airstream 
f initial property of fuel stream 
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COMMENTS 

C. H. Ptiddin, Rolls Royce, UK In the 80s-style fuel 
atomizers you showed, the overall AFRs are of the order 
4-6, that is, stil l  overall rich. Do you think your analysis 
st i l l  applies in this situation, or is the dame somewhere 
else? 

Author’s Reply. The genera success of air atomization 
to reduce soot emissions from aircraft gas turbine engines 
for a variety of fuel atomizer AFRs [Ref. 1 in paper] sug- 
gests that effects of increasing &/fuel velocity ratios persist 
even when AFRs are small. We believe that this is reason- 
able based on present findings because s m d  fuel stream 
velocities should generally provide conditions where air 
stream velocities are larger than fuel stream velocities 
throughout the combustion process, leading to generally 
desirable soot emissions properties, e.g., soot-formation- 
oxidation conditions as defined by Kang [Ref. 13 in paper]. 
Direct demonstration of this conjecture, however. would 
be desirable. 

e 

C a y  Presser, NIST, USA. Please describe your thoughts 
regarding the use of Werent gases in place of air. Is the 
propensity to soot purely an aerodynamic effect (and thus 
other gases may be used) or is the pressure of oxygen re- 
quired to assist in the oxidation of soot? It is assumed that 
ambient (or secondary) air is present to sustain a stable 
flame. 

Author’s Reply. For the same reasons discussed in the 
reply to C. H. Pridden, we believe that the nature of the 
atomizing gas used in the fuel atomizer is not the most 
critical aspect of soot control using air atomization. It 
seems to us that the crucial elements are relatively good 
atomization with relatively small fuel momentum (veloci- 
ties). This should generally yield desirable &/fuel stream 
velocity ratio properties when the region of the flame sheet 
is approached, e.g., soot-formation-oxidation conditions as 
defined by Kang (Ref. [I31 in paper). Direct assessment of 
the conjecture, however, would also be desirable. 
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D.L. Urban, 2.-G. Yuan, P.B. Sunderland, K.-C. Lin, 2. Dai and G.M. Faeth (2000) Smoke-point 
properties of nonbuoyant round laminar jet diffusion flames. Proc. Combust. Znst. 28, 1965- 
1972. 
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SMOKE-POINT PROPERTIES OF NON-BUOYANT ROUND LAMINAR JET 
DIFFUSION FLAMES 

D. L. URBAN,' Z.-G. YUAN,' P. B. SUNDERLAND.' K.-C. LJN? Z. DAI' AND G. M. FAETH' 
'NASA C h n  Research Center 

Cleueland, OH 44135, USA 
2Unioersity of Michigan 

Ann A*, MI 48109, USA 

The laminar smoke-point properties of non-buoyant round laminar jet diffusion flames were studied 
emphasizing results from longduration (100-230 s) experiments at microgravity canied out in orbit aboard 
the space shuttle Columbia. Experimental conditions included ethylene- and propane-fueled flames burn- 
ing in st i l l  air at an ambient temperatwe of 300 K, pressures of 35-130 Wa, jet exit diameters of 1.6 and 
2.7 mm, jet exit velocities of 17- mm/s, jet exit Reynolds numbers of 46-172, characteristic flame 
residence times of 40-302 ms, and luminous flame lengths of 1 W  mm. Contrary to the normal-gravity 
laminar smoke point, in micmgravity, the onset of laminar smoke-point conditions involved two flame 
configurations: closed-tip flames with soot emissions along the flame axis and open-tip flames with soot 
emissions from an annular ring about the flame axis. Open-tip flames were observed at large characteristic 
flame residence times with the onset of soot emissions associated with radiative quenching near the flame 
tip: nevertheless, unified correlations of laminar smoke-point properties were obtained that includedboth 
flame configurations. Flame lengths at laminar smoke-point conditions were well correlated in terms of a 
corrected fuel flow rate suggested by a simplified analysis of flame shape. The present steady and non- 
buoyant flames emitted soot more readdy than non-buoyant flames in earlier tests using ground-based 
microgravity facilities and than buoyant tlames at normal gravity, as a result of reduced effects of unstead- 
iness, flame disturbances, and buoyant motion. For example, present measurements of laminar smoke- 
point flame lengths at comparable conditions were up to 2.3 times shorter than ground-based microgravity 
measurements and up to 6.4 times shorter than buoyant flame measurements. Finally, present laminar 
smoke-point flame lengths were roughly inversely proportional to pressure to a degree that is a somewhat 
smaller than observed during earlier tests both at microgravity (using ground-based facilities) and at normal 
gravity. 

Introducfion 
The laminar smoke-point roperties of jet diffu- 

sion h e s  (the ~uminous lame length, fuel flow 
rate, characteristic residence time, etc., at the onset 
of soot emissions) are useful observable soot prop- 
erties of non-premixed flames. For example, these 
measures provide a means to rate several aspects of 
flame sooting properties: the relative prornsity of 
various fuels to roduce soot in flames 1-41; the 

temperature, and ambient pressure on the soot 
emission properties of flames [5-141; the relative 
levels of continuum radiation from soot in flames 
[15-171; and effects of the intrusion of gravi (buoy- 
ancy) on emissions of soot from flames P 18-26]. 
Laminar smoke-point properties generally are mea- 
sured using buoyant round laminar jet diffusion 
flames, surrounded by co-flowing air in order to pre- 
vent pulsations characteristic of buoyant jet diffusion 
flames in sti l l  environments. Laminar smoke-point 
pro rties found usin this configuration are rela- 

relative effects o P fuel structure, fuel dilution, flame 

tive p" y independent of % urner diameter and co-flow 

velocities, which tends to enhance their value as 
global measures of soot properties [9,10]. Recent 
studies, however, suggest that the laminar smoke- 
point pro rties of buoyant and non-buoyant lami- 
nar jet S s i o n  flames are fundamentally different 
[19-26]. Thus, the overall objective of the present 
investigation was to measure the laminar smoke- 
point roperties of non-buoyant flames, because of 
the rerevance of non-buoyant flames to most prac- 
tical industrial processes where effects of buoyancy 
are small. 

The potential differences between the laminar 
smoke pro rties of buoyant and non-buoyant 
flames can e attributed mainly to the different hy- 
drodynamic properties of these flames [%27]. In 
particular, soot particles are too large to diffuse like 
gas molecules so that they are convected at gas ve- 
locities, aside from minor effects of Brownian mo- 
tion and thermophoresis [a]. In non-buoyant 
flames, the streamlines diverge from the nozzle axis, 
whereas in buoyant flames the streamlines (and the 
entrained flow) converge toward the nozzle axis. As 
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a result, flow acceleration due to gravitational forces 
in buoyant round laminar jet diffusion flames implies 
that soot mainly nucleates near the flame sheet and 
then is drawn toward fuel-rich conditions nearer to 
the flame axis, promoting soot growth for an ex- 
tended residence time before the soot finally crosses 
the flame sheet w i h  an annular soot layer near the 
flame tip to reach soot oxidation conditions. This 
type of soot path, termed soot-$onnutimjlume wn- 
ditions by Kang et al. [27], tends to promote soot 
growth and inhibit soot oxidation, enhancing the ten- 
dency of the flame to emit soot. On the other hand, 
flow deceleration in non-buoyant round laminar jet 
diffusion flames implies that soot mainly nucleates 
in the cool core of the flame at fuel-rich conditions 
and then is drawn directly toward and through the 
flame sheet, so that soot tends to leave the flame over 
a relatively extended region. T ~ I S  type of soot path, 
termed sout-formation-midatiofl Conditions by Kang 
et al. [27], tends to inhibit soot growth and enhance 
soot oxidation compared to buoyant flames that have 
similar characteristic residence times, reducing the 
tendency of the flame to emit soot. Thus, the soot 
nucleation, growth, and oxidation environments of 
buoyant and non-buoyant laminar jet diffusion 
flames are quite different, providing sigdicant po- 
tential for different laminar smoke-point properties 
as well. 

Several studies of the laminar smoke-point prop- 
erties of non-buoyant laminar jet diffusion flames 
have been reported, motivated by the potential ef- 
fects of buoyancy on soot processes in flames (see 
Refs. [ 18-25] and references cited therein). Mat  of 
these studies used ground-based microgravity facili- 
ties to observe non-buoyant flames and showed that 
laminar smoke-point flame lengths were sigdcantly 
smaller and larmnar smoke-point characteristic res- 
idence times were sigdcantly larger for non-buoy- 
ant than buoyant flames. These differences generally 
have been attributed to the Merent soot paths in 
buoyant and non-buoyant flames that were just dis- 
cussed, as well as increased effects of radiative 
quenching,in non-buoyant flames due to their in- 
creased characteristic residence times compared to 
buoyant flames. A concern about these results, how- 
ever, is that limited testing using space-based micro- 
gravity facilities yielded sigdcantly different results 
than those observed using ground-based micrograv- 
ity facilities [SI. Thus, the objective of the present 
study was to more completely assess these differ- 
ences by measuring laminar smoke-point properties 
during long-term experiments (100-230 s) at micro- 
gravity carried out on orbit in the space shuttle Co- 
lumbia (flights STS-83 and STS-94 in 1997). The 
scope of the study was limited to round ethylene- 
and propane-fueled laminar jet a s i o n  flames 
burning in st i l l  and slightly vitiated air at pressures 
of 35-130 E a .  

Experimental Methods 

Experimental methods are described only briefly, 
see Urban et al. [25] for details about the apparatus 
and instrumentation and Lin et al. [28] for a tabu- 
lation of test conditions. The laminar jet diffusion 
flames were stabilized at the exit of round fuel noz- 
zles located along the axis of a windowed chamber 
having a diameter and length of 400 mm and 740 
mm, respectively. The chamber was filled with oxy- 
gednitrogen mixtures to provide the nominal com- 
position of dry air (21 f 1% oxygen by volume). The 
properties of the gas surrounding the flames varied 
slightly over the present relatively long test times 
because the test chamber was closed. The greatest 
change involved the gas composition, but even this 
change was modest, with maximum oxygen con- 
sumptions never exceeding 0.02 mol fraction during 
any test. These conditions were maintained by - 
fresh dry air in the period between tests. Present 
flames typically required 10 s times to approach 
steady behavior as exemplified by constant flame 
lengths after a disturbance [%I. 

Stamless steel fuel nodes having inside diameters 
of 1.6 mm and 2.7 mm, lengths of 148 mm, and inlet 
flow straighteners yielded nonswirlmg fully devel- 
oped laminar flow at the jet exit. The test fuels were 
stored in cylinders and delivered to the nodes 
through solenoid valves and a mass flow rate con- 
troller and sensor. The flames were ignited with a 
hot wire coil that was retracted from the node  exit 
once the h e  was stabilized. 

Monitoring measurements included the fuel flow 
rate, the fuel inlet temperature, the chamber pres- 
sure, and the chamber gas temperature [zS,28]. The 
flames were observed using a color CCD video cam- 
era (Hitach, Model KP-C553) with a 125 X 164 
mm field of view and a 25 mm depth of field cen- 
tered on the flame axis. Flame images were recorded 
at a rate of 30 imageds and could be measured with 
a spatial resolution better than 0.3 mm. Initial fuel 
flow rates were set in excess of laminar smoke-point 
flow rates and could be adjusted up to -+ 30% in 5% 
steps to achieve the desired hd conditions near 
(within 5%), but generally smaller than, laminar 
smoke-point fuel flow rates. Three tests were excep- 
tions in h c h  initial excessively large fuel flow rates 
prevented final flame lengths from being shorter 
than laminar smoke-point conditions, as noted by 
Lin et al. [28]. 

A total of 21 flames were observed, yielding the 
following ranges of test properties: ethylene- and 
propane-fueled flames, ambient air temperatures 
and pressures of 300 K and 35-130 Wa, respectively, 
jet exit velocities and Reynolds numbers of 1 7 6  
1690 mm/s and 46-172, respectively, characteristic 
residence times of 40302 ms, and luminous flame 
lengths of 15-63 mm. Characteristic residence times 

riodically venting the chamber to space and ad E . g 



S4 

SMOKE-POINT PROPERTIES OF NON-BUOYANT FLAMES 

are reported elsewhere [29] and are taken to be 
2L/U, .  

Results and Discussion 

F h  Visudization 

T j p i d  of many ast observations of non-buoyant 
round laminar jet &on flames [ 18-22,24,25,28], 
the present flames could be grou d into closed-tip 
and open-tip configurations. The Eerencebetween 
these two configurations was particularly noticeable 
in the vicinity of the laminar smoke-point, as illus- 
trated by the images in Fig. 1. These photographs 
show the flame appearance as the fuel flow rate is 
increased in the transition region where the laminar 
smoke-point is approached and exceeded for ethyl- 
ene-fueled flames having 1.6 mm jet exit diameters. 
The upper series of photographs s h m  the behavior 
of large characteristic residence time flames (larger 
than 80 ms) where the flame tips were blunt (open- 
tip) throughout the transition to soot emitting con- 
ditions, and the first emission of soot was associated 
with an annular region surroundmg the flame axis 
and having a diameter comparable to the maximum 
flame diameter. The lower series of photographs 
shows the behavior of small characteristic residence 
time flames (smaller than 80 ms) where the flame 
tips were rounded (closed-tip) and the first emission 
of soot was dong the flame axis. Even these latter 

1967 

FIG. 1. Photographs of round non- 
buoyant laminar jet diffusion flames 
in sti l l  air as the fuel flow rate is in- 
creased in the transition region 
where the laminar smoke-point is ap- 
proached and exceeded for ethylene- 
fueled flames with a 1.6 mm jet exit 
diameter. Upper series of photo- 
graphs shows open-tip smoke-point 
behavior at 100 Pa, with the third 
flame from the left just beyond the 
smoke-point condition; lower series 
of photographs shows closed-tip 
smoke-point behavior at 50 kPa, with 
the fifth flame from the left just be- 
yond the smoke-point condition. 

flames, however, eventually exhibited open-tip be- 
havior as fuel flow rates increased beyond the lami- 
nar smoke-point condition (see the last image of the 
lower series of photographs in Fig. 1). Thus, tip 
opening generally is closely associated with laminar 
smoke-point conditions for non-buoyant flames, 
which has also been observed by several other in- 
vestigators (see Refs. [18-221 and references cited 
therein). 

Measurements of soot concentrations in the pres- 
ent flames using deconvoluted laser extinction show 
that soot is contained within a narmw annular ring 
and that no soot is present at the flame axis for 
open-tip conditions [SI. Corresponding soot tem- 
peratures using deconvoluted multiline emission 
measuremenb show that soot temperatures pro- 
gressively decrease with increasing streamwise dis- 
tances in open-tip flames and reach values of roughly 
loo0 K near the flame tip [%I. Low reaction rates 
at such conditions are consistent with quenching of 
soot oxidation, allowing soot to escape from the 
flame. The main mechanism causing this progressive 
reduction of temperature is continuum radiation 
from soot. This radiative heat loss becomes more 
significant with increasing streamwise distance due 
to the progressive reduction of flow velocities, whch 
involves a corresponding reduction of transport and 
thus reaction rates at the flame sheet. The corre- 
spondmg reduced chemical energy release rates, 
combined with progressively increasing radiative 
heat losses due to increasing soot concentrations, 
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FIG. 2. Luminous flame lengths as a function of cor- 
rected fuel flow rate for round non-buoyant laminar jet 
diffusion flames in sti l l  air at the laminar smoke point. Cor- 
relation based on simplified analysis of Lin et d. [B]. 

provide ample potential for quenching, and thus tip- 
opening, and corresponding emissions of soot. In 
contrast, buoyant diffusion flames have progressively 
increasing velocities and thus increasing transport 
rates with increasing streamwise dstance, due to ef- 
fects of buoyancy, so that soot emissions occur be- 
cause of rapid mixing and residence times that are 
insufficient to complete soot oxidation, rather than 
because of radiative quenching [W]. Finally, this lat- 
ter condition is approached by non-buoyant flames 
at short residence times where effects of radiative 
quenching are reduced, which tends to produce the 
closed-tip laminar smoke-point behavior illustrated 
in the lower series of photographs of Fig. 1. 

Luminous Flume h g t h s  

Similar to the observations of luminous flame 
lengths at the smoke-points of buoyant round lami- 
nar jet diffusion flames as described by Schug et al. 
[SI, the present luminous flame lengths at the smoke 
points of non-buoyant round laminar jet diffusion 
flames were closely associated with the fuel flow 
rate, as suggested by the simplified analysis of Lin et 
al. [28]. This behavior is illustrated in Fig. 2, where 
present measurements of laminar smoke-point lu- 
minous flame lengths are plotted as a function of the 
corrected fuel flow rate based on the results of the 
simplified flame shape theory for non-buoyant lam- 
inar jet diffusion flames of Ref. [%]. The open sym- 
bols on this plot denote the three test conditions in 
which soot-emitting flames just beyond the laminar 

-Buoyancy and Non-Buoyancy Effects 

smoke-point conditions were measured; neverthe- 
less, these measurements are very similar to the re- 
maining results which are from flames at the laminar 

. smoke point but which were not emitting soot. The 
one data point remote from the rest resulted at at 
the lowest pressure tested, 35 Ha, at which lumi- 
nous flame lengths and the onset of sootemitting 
conditions were more dif6cult to observe due to 
relatively small maximum soot concentrations (less 
than 1 ppm based on multiline emission measure- 
ments). Except for the one outlier, the correlation 
between luminous flame lengths and corrected fuel 
mass flow rates at laminar smoke-point conditions is 
seen to be quite good; therefore, laminar smoke- 
point properties will be represented by luminous 
flame lengths alone to simpldy the comparison be- 
tween present measurements and the earlier h d -  
ings in Refs. [5,16,24]. 
h e lanation of the luminous flame length be- 

havior Xserved in Fig. 2 can be obtained from the 
flame shape correlations of Lin et al. [%I for non- 
buoyant round laminar jet diffusion h e s  in st i l l  air. 
These results are based on a simplified analysis 
(Spalding [29]) for this flame configuration. Ignoring 
small effects of the virtual origin, t h ~ ~  correlation can 
be written to yield the luminous flame length as a 
function of the corrected fuel flow rate parameter 
used in Fig. 2, as follows: 

L = (3Cf/32)(& sC/(Z, p)) (1) 
where the empirical parameter Cf is used to account 
for the presence or absence of soot within the flame. 
Following Ref. [28], a simple correlation of equation 
1 was fitted to the measurements of h e s  in air 
environments using values of Sc and ,u for air at 
roughly the average of the adiabatic flame tempera- 
ture and the ambient temperature (the values used 
are summarized on the plot). The correlation shown 
in the figure is for Cr = 1 for flames at the laminar 
smoke point from Lin et al. [%I, in contrast to Cf 
= 0.5 for soot-free blue flames from Sunderland et 
al. [30]. The longer soot-containing flames are con- 
sistent with luminosity due to the presence of soot 
at fuel-lean conditions for flames at the transition to 
soot emissions [%I. Finally, it is evident that equa- 
tion l provides a surprisingly good correlation be- 
tween luminous flame lengths and the corrected 
mass flow rate for present observations of non-buoy- 
ant round laminar jet W o n  flames in spite of the 
approximate nature of the Spalding [29] analysis. 

Luminur Smoke Points 

In view of the different mechanisms leading to the 
onset of soot emissions for buoyant and non-buoyant 
laminar jet diffusion flames, it is not surprising that 
they have substantially different laminar smoke- 
point roperties. This behavior is illustrated in Figs. 
3 an f 4 by plots of laminar smoke-point flame 
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FIG. 3. Laminar smoke-point flame lengths of ethylene- 
fueled round non-buoyant and buoyant laminar jet &- 
sion flames burning in air as a function of pressure. Non- 
buoyant KC-135 results from Sunderland et d. [U], 
buoyant results from Schug et d. [5] and Sivathanu and 
Faeth [161. 

lengths as a function of pressure for ethylene- and 
propane-fueled flames. Measurements illustrated in 
the figures include results for non-buoyant flames 
having jet exit diameters of 1.6 and 2.7 mm from the 

ace-based experiments, results for non- rt uoyant 9 ames having jet exit diameters of 1.6, 2.7 
and 5.6 mm from Sunderland et al. [ a ]  using 

ground-based microgravity facilities, and results for 
buoyant flames having jet exit dmmeters of 10.0 mm 
from Schu et al. [SI and 14.3 mm from Sivathanu 
and FaethflG]. 

There are several interesting features about the 
measurements illustrated in Figs. 3 and 4. First of 
all, an obvious feature of these results is that the 
present laminar smoke-point flame lengths of the 
non-buoyant flames are sigdcantly smaller than 
those of the buoyant flames. For example, the lam- 
inar smoke-point flame lengths of the buoyant 
flames are up to 6.4 times larger than the present 
non-buoyant flames at comparable conditions. This 
behavior comes about because the present non- 
buoyant flames have much larger characteristic res- 
idence times (up to 300 ms [28]) than the buoyant 
h e s  (only up to 50 ms [MA]), which is due to buoy- 
ancy-induced motion, in spite of the greater length 
of the buoyant flames. This provides greater poten- 
tial for radiative heat losses for the non-buoyant 
flames, leading to the radiative quenching mecha- 
nism of soot emissions &cussed in connection with 
tip openings (Fig. 1). 

Another important feature of the laminar smoke- 
point flame lengths dusixated in Figs. 3 and 4 is that 

resent non-buoyant flames are sigdcantly 

based microgravity fachties (which typically have 
gravity of lo-' g) up to a factor of 2.3 at comparable 
conditions. This behavior is caused by the closer ap- 
proach to steady, non-buoyant flame properties by 
the long-term space-based experiments compared to 
the relatively unsteady and disturbed microgravity 
environment of ground-based microgravity facilities. 
Flow velocities are very small near the flame tip of 
non-buoyant laminar jet diffusion flames [%I and 
can be disturbed by small levels of g-jitter resulting 
enhanced mixing which defers radiative quenching. 
This behavior is exacerbated by the relatively slow 
development of non-buoyant flames for the rela- 
tively large jet exit diameters considered during the 
ground-based microgravity tests, so flame response 
times were generally longer than periods when the 
test apparatus was free of disturbances [W]. Further 
evidence of enhanced mixing in the ground-based 
microgravity tests compared to the space-based tests 
is provided by the observations of generally shorter 
luminous flame lengths at comparable conditions for 
the ground-based results (e.g., 30% shorter as dis- 
cussed by Lin et al. [Xi]). 

Another difference between the laminar smoke- 
point properties of non-buoyant flames from 
ground- and space-based microgravity facilities in- 
volves the pressure dependence. In particular, the 
present long-term microgravity experiments yield 
laminar smoke-point flame lengths that are roughly 
inversely proportional to pressure. This effect of 
pressure comes about because increased pressures 
tend to increase rates of soot formation [ 11-14], and 

thealr sm er than those of nonbuoyant flames in ground- 
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because of residence times available for soot growth 
for given burner conditions and flame lengths: both 
these effects imply smaller flame lengths for onset 
of soot emissions as pressures increase. In contrast, 
the more disturbed microgravity environment of the 
ground-based facilities yields laminar smoke-point 

s that are inversely proportional to pres- 
flame sure to l e n P  e 1.4 power. This latter behavior is a 

ressure variation than that observed for 

laminar smoke-point flame lengths inverselypropr- 
tional to pressure to the 1.3 power. These variations 
of the pressure dependence of h n a r  smoke-point 
flame lengths due to the intrusion of disturbances 
and gravitational forces are not surprising, however, 
because flame response to these effects varies with 
pressure. Differences of these magnitudes are of in- 
terest for gaining a better understanding of soot for- 
mation in diffusion flames (see Glassman [lo]), 
which highhghts the importance of achieving truly 
steady and non-buoyant diffusion flame conditions 
for reliable experimental results. 

Other properties of the laminar smoke-point flame 
lengths plotted in Figs. 3 and 4 are qualitativelysimi- 
lar for non-buoyant space-based flames, non-buoy- 
ant ground-based flames, and buoyant flames. For 
example, effects of jet exit diameter on laminar 
smoke-point flame lengths are small in all three 
cases, which agrees with the well-hown behavior of 
buoyant flames (see Glassman [9,10]). This behavior 

ed for buoyant flames because their flame 
heig is ts and characteristic residence times are both 
independent of jet exit diameter, with the latter be- 
ing largely a function of flame height [E]. This be- 
havior is not expected for non-buoyant flames, how- 
ever, because while their flame lengths are 
independent of jet exit diameter, as &cussed in con- 
nection with Fig. 2, their characteristic residence 
times decrease with decreasing jet exit diameter 
[a], which should contribute to corresponding in- 
creases of laminar smoke-point h e  lengths. Such 
increases are not observed, and this behavior merits 
further study. Finally, the laminar smoke-point flame 
lengths of ethylene-fueled flames are smaller than 
those of propane-fueled flames for all three flame 
conditions considered in Figs. 3 and 4. This behavior 
agrees with past observations of the greater propen- 
sity to soot of ethylene-fueled compared to propane- 
fueled laminar jet &on flames [5,15,16]. 

strongerff buoyant ames. Flower and Bowman [ll-141 report 

Conclusions 

The smoke-point properties of nonbuoyant round 
laminar jet diffusion flames were observed during 
long-term (100-230 s) experiments at microgravity 
using space-based facilities. Measurements included 
ethylene- and propane-fueled h e s  burning in sti l l  
air at an ambient temperature of 300 K, pressures 

of 35-130 kPa, jet exit diameters of 1.6 and 2.7 mm, 
jet exit velocities of 17&1690 m d s ,  jet exit Rey- 
nolds numbers of 46172, characteristic flame resi- 
dence times of 40-302 ms, and luminous flame 

of 15-63 mm. The major conclusions of the 

1. The onset of laminar smoke-point conditions in 
microgravity involved either a closed-tip config- 
uration with fht soot emissions don the flame 

emissions from an annular ring about the flame 
axis and having a b e t e r  com arable to the 
maximum flame diameter. C l o d  and open-tip 
flames were observed at small and large charac- 
teristic flame residence times, respectively, sup- 
porting earlier observations that open-tip behav- 
ior is caused by radiative quenching of soot 
oxidation near the flame tip. 

2. Lumhous flame lengths at laminar smoke-point 
conditions were equally well correlated for both 
closed- and open-ti ped flame configurations in 
terms of a correctd fuel flow rate, independent 
of the jet exit diameter, as suggested by the sim- 
plified flame shape analysis of Lin et al. [%I. 
These laminar smoke-point flame lengths were 
roughly 30% longer than those measured using 

und-based microgravity facilities because of 
greased  effects of unsteadiness and g-jitter. 

3. The present steady and non-buoyant flames emit- 
ted soot more readily than other non-buoyant 
flames at microgravity in ground-based facilities 
and than buoyant flames at normal gravity. For 
example, the laminar smoke-point flame lengths 
of non-buoyant flames from ground-based micro- 

avity facilities were up to 2.3 times longer than 
!te present measurements at comparable condi- 
tions because of effects of unsteadiness and g-jit- 
ter; similarly, the larmnar smoke-point flame 
lengths of buoyant flames were up to 6.4 times 
longer than the present measurements at com- 
parable conditions because of effects of buoy- 
ancy-induced motion. 

as a function 

open-tipped flames and were roughly inversely 
proportional to pressure and relatively indepen- 
dent of jet exit diameter for the present non- 
buoyant h e s .  In contrast, the laminar smoke- 
point flame lengths of non-buoyant flames in 

und-based microgravity facilities and buoyant 
G e s  at normal gravity were inversely propor- 
tional to pressure to the 1.4 and 1.3 powers, re- 
spectively, because of effects of unsteadiness, 
g-jitter, and buoyancy-induced motion. All flame 
conditions considered, however, indicated that 
laminar smoke- int flame lengths are generally 
smaller for e thgne  than for pro ane, reflecting 
the greater propensity to soot o 1p ethylene com- 
pared to propane. 

l e n P  stu yare as follows: 

axis, or an open-tip configuration wi il fht soot 

4. Laminar smoke-point flame len 
of pressure were identical for e th closed- and 
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COMMENTS 

John L. a!e Kis, F u c f o y  b i d  Research, USA Your 
instrumentation includes a radiometer. One wonders 
whether the total radiative fraction from the flame at its 
smoke point at zero-gravity takes on the same d u e  of 30% 
as is found for normal buoyant flames at their smoke-point. 
For normal buoyant flames, this radiant fraction is inde- 
pendent of fuel type. You also meawred the flame tip tem- 
perature of flames at their smoke-point condition. How 
does this temperature compare to the 1400 K d u e  found 
for smoke-point flames for normal gravity? 

Authors Reply. The total radiative fraction from the 
flames we studied was between 40% and 60%. Since most 
of our flames were very near the smoke height, the limited 
data set studied here did not show evidence of a correlation 
between radiative emission and smoke height as reported 
for normal-gravity flames. 
As reported (Ref. [25] in paper), the extrapolated tem- 

peratures (from the multiline emission measurements) at 
the flame tip (at the smoke point) were approximately lo00 
K. This is substantially lower than the 1400 K value re- 
ported by other workers for normal-gravity flames. 

Fletcher J. M&, Nationnl Center for M m g t U t M t j  Re- 
s&, USA. Since the laminar smoke points are so de- 
pendent on residence time, how might the presence of a 
 flow in the Ig experiments versus the absence of a M 

flow in the pg experiments affect the comparison between 
the two gravitational levels? Would pg experiments with a 
co-flow be valuable to provide an independent way to alter 
residence times? 

Author’s Reply. &flow h e s  are used in lg smoke- 
point studies to eliminate buoyancy induced flicker. In lg, 
the  flow has a very limited effect on the h e  residence 
time (and likewise on the smoke point) which are. domi- 
nated by the buoyant acceleration. In low gravity, the sit- 
uation is quite different the flow diverges from the node;  
consequently, the velocity at the flame tip can be quite 
small and is therefore easily influenced (increased) by the 
co-flow. We agree with the suggestion that testing with co- 
flow in low gravity should provide interesting results, and 
this is part of a planned future experiment. 
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F. Xu, Z. Dai, and G.M. Faeth, Flame and soot boundaries of laminar jet diffusion flames. AZAA 
J .  40,2437-2446. 
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(blue) flames or soot-containing flames] has not been addfesd. 
This is unfortunate because hydrodynamic effects to reduce soot 
concentrations in diffusion flames are of gnat In ad- 
dition, soot-free hydrocarbon-fueled flames are fundamentally im- 
portant because they have enhanced computational mtability com- 
pared to sootcontaining flames as a result of the absence of the 
complexities of soot chemistry, and they provide results useful for 
evaluating detailed models of hydrocarbon-fueled flame chemisay 
and bansport. 

The ability to achieve soot-free laminar diffusion flames by sub- 
jecting the fuel stream to higher momentum (velocity) oxidant 
streams (e.& by strong coflows), similar to the behavior of air at- 
omization p r ~ c e s s e s , ~ ~ ~ ~ ~ ~ ~ ~  is discussed by Lm and Faeth" and Dai 
and Faeth.19 The effect of enhanced coflow comes about because the 
position of the flame sheet tends to be fixed by the fuel flow rate in- 
dependent of the coflow velocity at large coflow velocities? which 
implies that characteristic residence times for soot formation are 
inversely proportional to the coflow vebcity.18J9 Thus. increasing 
the coflow velocity inhibits soot emissions and eventually leads to 
completely soot-free (blue) flames as long as flame liftoff conditions 
are not exceeded. This tactic was exploited during the present study 
in order to provide conditions where the shapes of the flame sheet 
of hydrocarbon-fueled laminar-jet diffusion flames in coflowing air 
could be observed. 

Thus, the objectives of the present investigation were to ob- 
serve the flame-sheet shapes of weakly buoyant laminar-jet dif i -  
sion flames in coflowing air considering both soot-free and soot- 
containing flames and to use these results to develop a simplified 
model of flame-sheet shape for these conditions. Corresponding 
results for laminar-jet diffusion flames in nearly still air are also 
considered in order to highlight effects of coflow on flame shuc- 
ture, soot formation, and soot emission properties. Finally, luminous 
flame shapes at the laminar smoke point, in both still and coflowing 
air, are also considered for completeness, exploiting earlier mea- 
suremenls in the literature?,9 

Experimental Methods 
Test Apparalus 

Experimental methods were similar to Lin et al.? Lin and Faeth? 
and Lm17 and will be described only briefly. Effects of buoyancy 
were minimized by observing flames at relatively small pressures 
(550 Wa) with either relatively large coflow velocities (aidfuel ve- 
locity ratios up to nine) or with relatively large source fuel Froude 
numbers when coflow velocities were small. The burner was placed 
within a windowed cylindrical chamber and directed vertically up 
ward along the chamber axis. The windowed chamber had a di- 
ameter of 300 mm and a length of 1200 m. Optical access was 
providedbytwopairsofopposingwindows havingdiametersof 100 
mm and centered on a horizontal plane located 500 mm above the 
base of the windowed chamber. The flames were positioned so that 
their full lengths could be observed and photographed through the 
windows. 

The burner was a coaxial-tube arrangement with the fuel flowing 
fromtheinnerport(l.6-.3.2-,and4.8-mminsidediamete~ withthe 
outer wall of the tube tapered to provide a negligible thickness at the 
tube exit) and air flowing from a concentric outer port (60-mm inside 

diameter). The inner port had sufficient length to provide fully devel- 
oped laminar pipe flow at the burner exit. The outer port had several 
layers of beads and screens to provide a uniform nonnutdent flow 
at the burner exit. Flame lengths were limited so that test conditions 
approximated flames in a uniform air coflow bascd on earlier laser 
velocimetry measurements of flow velocity distribu~ions. '~~~~ The 
burner tube exit was placed 10 mm above the last screen of the air 
coflow so that the flames were free to attach somewhat below the 
burner exit (which often was the case unless liftoff conditions were 
approached). 

Fuel was supplied to the inside port from commercial gas cylin- 
ders. Fuel flow rates were controlled and metered using critical flow 
orifices in conjunction with pressure regulators; the flow properties 
of the orifices were calibrated using wet-test meters. Air was sup 
plied from the room using critical-flow orifices to control and meter 
airflow rates. The exhaust products were diluted with air to reduce 
flow temperatures and then removed using the laboratory vacuum 
pump system. The flames were ignited using a small torch that was 
removed from the flowfield after the flames had stabilized. 

Inkirunentation 
Dark-field photographs of the flames were obhined using a 

35-mm reflex camera. The photographs were subsequently printed 
using a 100 x 125 mm film format and then scanned. Flame shapes 
were measured directly from the scanned images, using objects of 
known size to calibrate vertical and horizontal distances. Experi- 
mental uncertainties (95% confidence) of luminous flame diameters 
and lengths were less than 2%. 

The dark-field color photographs sufficed to locate luminous- 
flame boundaries as either the outer extremity of yellow luminosity 
caused by continuum radiation from soot or the inner boundary of 
blue luminosity from the flame sheet (which exhibited a signifi- 
cant afterglow of OH luminosity for the low-pressure flames ob- 
served during the present experiments). To locate the flame sheet, 
however, dark-field photographs were obtained using a narrowband 
filter designed to pass radiation from the excited CH band associ- 
ated with radical reactions at the flame sheet (430-nm center fie- 
quency with a IO-nm half-width pass band). This luminosity was 
relatively weak, but the present flames were very steady so that ex- 
posure times could be increased to obtain satisfactory photographs. 
The outer extremity of the CH image was taken as the flame-sheet 
Location because CH luminosity is not associated with fuel-lean re- 
gions of the present flames. Experimental uncertainties of the flame- 
sheet measurements are the same as the Luminous flame boundary 
measurements. 

Test Cwditions 
Test conditions are summarized in Table 1. Rcsent measure- 

ments considered methane-, acetylene-, ethylene-, and propane- 
fueled flames; earlier measurements considered propylene- and 
1.3-butadiene-fueled flames. Gas purities were greater than 99% 
by volume for all of the fuel gases except acetylene, which only 
had a 98% purity by volume, because of contamination by acetone, 

'which is prescnt in commercial acetylene gas cylinders for safety 
purposes. The effect of acetone on the pmpnties of flames similar 
t o h e  present flames was evaluated during earlier experiments.",18 

lbbk I Summary of test conditionS. 

paramctep CH4 C2H2 CzH4 C& C i a  Gb 
Fuclflwrate,mg/s 0.49-3.12 0.414.88 0.504.66 1.534.08 0.59-3.81 0.74-2.71 
Re 2.745.6 2.9-54.1 3 . ~ 7 . 6  38-101 4.9-48.5 18-66 
~ao.lW0 0.008-7.14 0.0058-5.01 0.009-8.80 0.3-7.0 0.012-5.71 0.a3z.s 

d .  mm 1.6.4.8 1.6.4.8 1.6.4.8 4.8 1.6.4.8 4.8 
wfo. mg/s-m 48.0 51.7 49.7 49.3 47.0 49.8 

P. !@a 21.3-49.4 4.1-21.3 8.5-21.5 19-54 11.3-35.2 19-50 

L f . m  5.741.5 5.0-54.9 7.1-47.0 41-108 9.4-51.3 21-75 
w / 2 .  mm 6.5-17.7 7.9-24.4 7.9-24.7 5.5L13.1 8.1-22.4 4.3-10.0 
2. 0.0552 0.0704 0.0638 0.0636 0.0603 0.0668 

'Air p~ insidc dinrlcr of60 mm wilh h r  dkud vmiully u p d .  R-I CrmpenNws of mghly 3W K. 
bGnnmcrcid gases in cyludcn with pmilia as follows: grc&cr than 98.0% by volum for C2H2 ud ?mater than 
99.0% by velum famc ICs .  



XU. DAI. AND FAFFH 2441 

This was done by comparing observations with and without ace- 
tone vapor present, using the acetone removal system described by 
Hamins et al.u' to create an acetone-& acetylene fuel stream. The 
effect of acetone on luminous flame shapes and laminar smoke-point 
flame lengths was found to be 

Theoretical Methods 
Flame-shape predictions were obtained using the simplified anal- 

ysis of Lin et al? for laminar diffusion flames in still air and Lin 
and Faeth9 for laminar diffusion flames in coflowing air. In both 
instances a set of easily used equations was sought, along with 
recommendations for selecting the thermochemical and Iran~pon 
pmperties appearing in the equations, rather than m m  complete 
methods that would require numerical solution using a computer. 
The approach used for flames in still gases was to extend the anal- 
ysis of Spalding: which is described in more detail by KUO? as 
discussed by Lin et al?; the approach used for flames in coflowing 
gases was to extend the analysisof Mahalingam et al.! as discussed 
by Lm and Faeth? 

Except for ambient flow properties. the major assumptions of 
flame-shape analyses in still and coflowing gases were the same? 
as follows: 1) steady, axisymmetric laminar-jet diffusion flames at 
wnsmt pressure in an unbounded environment having uniform 
pmperties (velocities and scalar properties); 2)  effects of buoyancy 
and associated changes of potential energy are negligible; 3) flow 
Mach numbers are small so that -effects of kinetic energy and vis- 
cous dissipation arenegligible; 4) the flames have large aspect ratios 
so that diffusion of mass (species), momentum, and energy in the 
streamwise direction is small; 5 )  for the same reasons the solutim 
of the governing equations can be approximated by far-field con- 
ditions where the details of the initial conditions can be replaced 
by integral invariants of the flow for the conservation of mass, rno- 
-turn, and energy; 6) similarly, the convection velocities of the 
flow can be approximated by ambient streamwise velocities for the 
coflow case; 7) all chemical reactions occur within a thin-flame 
s k t  with fast chemistry so that fuel and oxidant are neversimulta- 
neously present at finite concentrations; 8) the,diffusivities of mass 
(of all species). momentum, and energy are all equal, 9) all therm+ 
physical and eansporI pmperties are constant throughout the flame; 
and 10) effects of radiation are small. ?he first three assumptions 
IIR justified as conditions of the present experiments. The fourth 
and fifth assumptions are justified for most of the present mea- 
surements because the present flames generally had large aspect 
ratios, for example, some measurements involve (Lf -L,)/d as 
small as 1.0 but most of the measurements involve (Lf - L,)/d in 
tbe range 6-22. Ihe sixth assumption is widely used to approximate 
wake-like b~ndary-layer flows at large aspect ratios? The seventh 
assumpion. prescribing a thin flame sheet, has a long history of 
cffcctivc use to find the shapes of laminar diffusion flames, dat- 
ing back to Burke and Schumann.l The remaining assumptions are 
not satisfied by Iaminarjet diffusion flames, however, and are only 
adopted so that simple flame-shape formulas can be found bascd 
~1 the past succc~s of similar approximations to find the shapes 
of the luminous soot boundaries of laminar-jet diffusion flames at 
the laminar smoke point (see Refs. 5 and 9 and references cited 
&in). 

Under thex assumptiom a simple formula can be obtained for 
flme-shea and I lrminous-h  lengths both in still and strongly 
coaowing gases. as fouows~: 

(Lf - L,)/d = CjC.ReSc/Z, (1) 

w&re C. = f and 6 for weak and smwg coflow and C f  is roughly 
05 and 1.0 for the flamesheet location and for the location of 
tbe luminous-flame boundary at laminar smoke-point conditions, 
~eapectively. (More accurate selections of C f  will be considered 
l e . )  The algorithm for computing flame propenies from Eq. (1) 
was completed by using tbe values for the Schmidt number and the 
viscosity of airat thc average of the adiabaiic flame temperature and 
tbe ambient temperatwe from Braun et al.2' m i d  of past work 
with hydrocarbon-fueled laminar-jet dithrsion flames burning in air, 
the value of the Schmidt number did not change significantly over 

the test range, thus. Sc = 0.76 was used for all of the rcsults con- 
sidered d m g  the present mestigahon. S d a r l y ,  the unrrlahons 
of flame lengths were unproved dumg past work by mrmduclng 
the empmcal vlrmal ongm parameter L,/d (see Refs. 5 and 9) 
The effect of a vlrmal ongm was not very slgolticant for present 
condtbons. however, so that L,/d = 0 was used msread. 
The expressions for lurmnous-flame dmneters M e r  for lanunar- 

Jet ddfuion flames m still au, grven m Ref. 5, and m coflow- 
mg au, p e n  m Ref 9. For flames m shl l  atr, the expslon 

5 = (x  - Lo)/(Lf -Lo)  (4) 

and the values of the flame diameter at the nudposition of the flames, 
where 5 = 5.  are gwen as follows for flames m SUI d: 

(5) 

wkreas the correspondmg equahon for flames m coflowmg au 
becomes' 

W i Z d d  = 1 Z , ( ~ r J u d  WWIf (6)  

Other expressions for the maxunum value of w, m, can be found 
m Refs. 5 and 9, but the dlffueoces between W I / Z  and w- are not 
large. 

Results and Discussion 

w I Z ,  fd = 0.557 

Flame Appearance 
Photographs of a swt-free acetylene-fueled lanunar-jet diffusion 

flame m coflowmg au at near liftoff cond~tions are ~Uusnated in 
Fig. 1 The figure on the left is a black-and-whte unage of a con- 
vennonal dark-field color photograph. The figure at the nght IS a 
black-and-white unage of a dark-field color photograph o b W  
usmg the CH filter. Both unages are essennally the same mdicatmg 
that the flame sheet m the absence of soot luminosity is md~cated 
equally well by COnVenhOIId dark-field color photographs as well 
as the unage o w  from CH IumiWSity alone. 
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Fig. 2 Photographs of a soot-containing acetylene-fueled laminar-jet 
diffusion Bsme burning in cnkwing air at conditions between laminar 
soot and smoke points, without (left) and wilh (right) the C-H filter. Test 
conditions art! d = 1.6 mm, p = 8.2 kPa, and U,,/U,. = 0.06. 

Photographs of a sootxontaining acetylene-fueled laminar-jet 
diffusion flame in coflowing air are illustrated in Fig. 2 for con- 
ditions intermediate between the laminar soot and smoke points. 
Similar to Fig. I ,  the figure on the left i s  a black-and-white image 
ofa  conventional dark-field color photograph. whereas the figure at 
the right is a black-and-white image of a dark-field color photograph 
obtained using the CH filter. In this case the conventional colorpho- 
tograph image is longer than the color images obtained using the 
CH filter because of the presence of yellow luminosity from hot 
soof particles present beyond the flame-sheet in the fuel-lean region 
of the flame. (This is more evident based on direct viewing of the 
flame by eye or from the conventional color image where the yellow 
color can be seen.) Similar to Fig. I .  however, both images are iden- 
tical near the burner exit where no scat was present. Thus. i t  was 
possible to locate the image of the flame sheet using the CH filter 
even in the presence of significant soot luminosity from the fuel- 
lean portion of the flame once the laminar mi-point condition was 
exceeded. 

Flame Lengths 
Luminous-flame lengths are defined in the following as the 

streamwise distance between the burner exit and the farthest down- 
stream plane normal to the flame axis that contacts a luminous region 
of the flame. at the laminar smoke point. similar IO Lin and Faeth? 
For flames in coflowing air, this length was associated with the end 
of !he flame luminosity at the flame axis. For the flames of Lin 
et al.’ m still air, however, this location was either along the axis or 
at an annular soot layer for the closed- and open-tip flames observed 
near laminar smoke-point conditions for nonbuoyant flames in still 
gases! This distinction was not necessary for flame-sheet lengths, 
however, because this length was always associated with the end of 
flame luminosity at the flame axih, as observed either using the CH 
filter for sool-containing flames or observed both with and without 
the CH filter for soot-free flames. 

For present conditions, only fuel flowed from the fuel port so that 
simple one-dimensional conservation of mass principles apply. and 
an expression for flame length as a function of rhe fuel flow rate can 
be obtained from Eq. ( I )  and the definition of the Reynolds number, 
as follows: 

L ,  - L o  = 4C,C”Scm//(nZ,I*)  (7) 

Noting that L,, << L f  from Table 2. Eq. (7) implies that both the 
flame-sheet length (at the axis) and the luminous-flame length (at the 
laminar smoke point) are proportional to the parameter r n , / ( Z s & )  
because C I ,  C,,, and Sc are not affected by either fuel type or 
the value of m I / ( Z x , p )  for present conditions. Similar behav- 
ior concerning relationships between fuel flow rates and laminar 

Table 2 Summary of flame-length correlationss 

Flame system Source L , / d  CJ C, 

Smok-pomr flame length Lin et al.’ -3.2 1.13 4 
Smoke-point flame length Lin and Faeih9 1.4 I .OS 4 

in still 1ur. F r f  = m 

in coflowing air: u,/uro > I 
and F r ,  > 1 

in still air; u,/uf, < 0.2 
and F r f  r.> 5 

in still air. u,/u(, = O  
a n d F r f = f f i  

in coBow; > 0.5 
and Fr, > 1 

Soot-free flame length Present study 0.0 0.52 

Soot-free flame length Sunderland et a I 4  2.7 0.56 4 

Soot-free Bamr length Present study 0.0 0.54 4 

‘Empmcal flame lenph paramelen b u d  on Eq. [ I  ) for root-frre flames and for ~ 0 0 1 -  

cmaming flamcr ai mC lanunar smok paint for flaws ~n si111 (u.,/qu < 0.2) or 
coflawmp (u.,luf, z 0 5 )  air 

1w , I ,  I ,  

SIY RKL 

&HI - A c H 4  

8 0 -  cln. - 

0 400 800 1200 1600 2000 

*,w* I4 
Fig. 3 Flame-sheet and luminous-Bsme kngths (the latter at the lam- 
inar smoke point) of laminar-jet diffusion Rama in still air and cullosr- 
ing air. Measurements fmm Lin et al.? Lin and Faeth,’ and the present 
investigation. 

smoke-pofnt flame lengths for buoyant flames has been recognized 
for some timei4 22.23 and has also been observed for nonbuoyant 
flames at the laminar smoke point as suggested by Eq. (5).”.25 

Measured flame-sheet and luminous-flame lengths (the latter at 
the laminar smoke-point condition) are plotted according to Eq. (7) 
in Fig. 3 for nonbuoyant diffusion flames in both nearly still and 
relatively strong coflowing air. The values of C, and C. for the cor- 
relations were taken from Table 2, whereas Sc = 0.76 for all of the 
present results as noted earlier. Thus, Eq. (7) combined with present 
methods of finding flame physical properties and the values of C, 
and C. from Table 2 yield excellent correlations for the four flame 
length conditions that are considered in Fig. 3. The measured flame- 
sheet results include conditions in both soot-free (blue) flames as 
well as conditions beyond the laminar soot point (but prior to the 
laminar smoke point) where soot is present and the flame exhibits 
yellow soot luminosity. Similar to the discussion of Fig. 2, however, 
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the presence of soot in the present laminar-jet diffusion flames did 
not have a significant effect on the flame-sheet length. The val- 
ues of C j  at the luminous-flame length at the laminar smoke-pint 
condition are roughly twice as large as the values of C j  for the 
flame-shea length (see Table 2): thus, the presence of hot soot par- 
ticles in the fuel-lean portion of the flame significantly extends (by 
up to a factor of roughly 2) the region where flame luminosity is 
&Ned. 

The meaSurements illustrated in Fig. 3 could be grouped into 
conditions where u./u, r 0.5 and the various lengths correlated 
reawnably well with the coflow correlation with C. = 6 (as long 
as Fr. P 1) and u,/uf. < 0.2 when the various lengths comlated 
reasonably well with the still gas correlation with C, = +(as long as 
F r j  z 5). Intermediate values of u,/u~,, yield intermediate values 
of 0ame lengths (or C.) as will be discussed in more detail later. 
In view of the simplicity of the theory, it is remarkable that the 
predictions are reasonably good. Thus, transition from strong to 
weak coflow inrreascs both flame-sheet and luminous-flame lengths 
by roughly 50%. The reason that values of u,Jub are significantly 
less than unity bound conditions between strong and weak coflow 
is that jetexit conditions decay rapidly toward ambient conditions 
so that even relatively small ambient velocities can affect mixing in 
the important region near the flame tip for flame length behavior, 
particularly for the relatively large aspett ratio flames (typical of 
the behavior of hydrocarbonh flames that have relatively small 
stoichiometric ratios or small values of 2,) that were considered 
during the present investigation. I 

El8lDcLhmcten 
It is evident that the nomahed characteristic flame diameter 

wlnZn/d for laminar-jet diffusion flames is a constant for flames 
instillairfromEq. ( 2 ) , a n d i s i n v e r s e l y p r o ~ ~ o n a l t o t h e ~ u ~ ~ t  
of aidfuel velocity d o  for flames in coflowing air from Eq.  (3). 
independent of flow transport properties. This relationship is il- 
lustiated in Fig. 4 for nonbuoyant diffusion flames in colow for 
flame-sheet d i m  with um/ufo > 0.5 and Fr. 1 along with 
the predictions of Eq. (3). 'Ihe measurements scatter about the pre- 
dictions, but the scatter progressively dcercases as the noma l id  
Anme length increases. Thus, small flame aspect ratios appear to be 
mainly responsible for the scam seen in Fig. 4. This conclusion is 
similar to the findings of Lm and Faeth9 for laminar smoke-point 
conditions. 

It is also of intenst to consider the behavior of the normal- 
ized characteristic flame diameter as the value of u , / u ~  increases 
for conditions represlnrative of nonbuoyant laminar-jet diffusion 

C2H2 
C3HB 

A C2H4 
C M  

t i 
i 

. . ......I . . ...."I . . ...'"I . . ..."g 
RKL coFIoI* mLLO*II' ~~- 

lo3 10-2 lo-' 10 O 10' 

Ua.0 I U~,O 

F ~ I  5 M e p r u d  and p d i e d  hmcshcct diameters as a fulKtiw of 
air/fuel vclocity ratios 

flames in sti l l  air to strongly coflowing air. .Ilk transition is con- 
sidered in Fig. 5 ,  which provides chmcteristic flame dim- cx- 
pressions particularly suitable for both large and small values of 
u,/ub. Results illustrated in Fig. 5 show the transition between 
estimates of the characteristic flame diameter in still gas to esti- 
mates in strongly coflowing gas at values of u , / u s ~ O . l ;  mea- 
sured results in both regimes exhibit significant d e p s  of scat- 
ter, and the large coflow predictions generally underesrimate the 
measurements. 

--pes 
Measured and predicted flame shapes will be compared as the 

final step in the evaluation of the simplified flame-shape analyses 
leading to Eqs. (1-4) for nonbuoyant laminar-jet diffusion flames 
in still and coflowing air. These evaluations will consider a range 
of flame aspect ratios in order to explore the robusmess of the pre- 
dictions. Both soot-free and sootcootaining flames will be consid- 
ered in the following so that effects of soot on the location of the 
flame s h e a  can be evaluated for nonbuoyant laminar-jet diffusion 

bamples of measured and predicted flame shapes for soot-free 
methane/& flames having various coflow velocity ratios are il- 
lustrated in Fig. 6. For these soot-& flame conditions the mea- 
sured flame shapes with ami without the $ filter are identi- 
cal, with both observations giving the coma flgnc-Eheet loca- 
tion. Redictions of flame-sheet locations using the simplified the- 
orisare also shown on the ploc all of the measuranents am 
for um/ufo > 0.5 and are compared with predictions for flames in 
coflowing air, Eq. (3). The comparison behueen measurements and 
pndictlins is excellent, properly accounting for effects of varia- 
tions of air coflow. in view of the simplicity of the flame-shape 
analyseS. 

containing ethylene/air flames having various coflow velocity ratios 
are illushated in Fig. 7. For these sootconfainkg flame conditions 
measured flame shapes with and without the CH filter arc no lmger 
identical with the luminous-flame shape obtaincd without the fil- 
ter extending farther downstream as a result of the pnscnce of 
yellow soot luminosity from soot present in the fuel-lean region 
of the flame. None of the conditions shown in Fig. 'I correspond 
to laminar smoke-point conditions; therefore, only laminar flame- 
sheet prulinions are shown on the plot. Similar to Fig. 6 for soot- 
free flames. the comparison between measurements and predictions 
is excellent, indicating that the presence of soot in these flames 

ea?,. 

Examples of m u r e d  and predicted f l ~ W  shapes for soot- 

J 



96 

does not have a significant impact on predictions of flame-sheet 
loation. 

Examphs of measured and predicted flame-sheet Ehapes for 
b& swt -h  and swtcontaining flames involving Otha fuels, 
pOpanJair and scaylene/air flames, having various velocity ratios 
rrrillustrarcdinRgs.8and9.SimilartoFig.7,rrsultswithsndwith- 
CSII the CH fi lm are nor always the s ~ m e  with the luminous-flame 
Wndary extending beyond the flame shcet because of luminaity 

fran s00f in the f ~ e l - 1 ~  portian ofthc flame in ~ u l y  irrstancea. 
Only predictions for the flame-shcet shape in still air a shown bc- 
cause these flames are not at hinarsmote-point wndirions and 
have small a i r h i  velocity h, notably, the r n p k I I . 3  bawm 
prsdiacd and mtasurcd of flame4hea shapes arc excellent. (Corn- 
sponding comparisons between m e a s u d  and padided luminous- 
Aamc shapes pf laminar smoke-point conditions can be found in Lin 
and Faeth?) 
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Iuminar-jet dillusion Bsmcr having a burner diameter d 1.6 om at various small eodor velocity ratios. 

Conclusions nons. Both new and measurements were used to cvaluate 
predictions of lununous flame-sheet and luminous-flame bound- 
anes based on extension of sunpl~fied analyses from Spaldm? 
and Mahahgam et al? I h e  major conduslons of the shldy are as 
follows: 

1) The present simplified analysis of nonbuoyant laminer-jct dif- 
fusion flamesm coflow, extended from Mahalingam et d . 8  p v ~ d e d  
reasonably good pd~c t ions  of flame-- shapes of both soot-& 
and soot-enutting flames for u,Juf0 z 0.5 and Fr. z 1 after appro- 
priate selection of empincal panunetem for the simplified theory 
s u m m a n z e d  m Table 2. 

The lurmnous flame-sheet and luminousdame boundaries of 
steady, nonbuoyant round hydrocarboo-fueled laminar-jet diffusion 
flames m shll and cof lmg  air were studied both expenmentally 
and theoretically. Resent condihons included acetylene-, methane-, 
propane-, and ethylene-fueled flames havmg reactant temperatures 
of 300 K, ambient pressures of 4-50 kPa, jetexit Reynolds num- 
bm of 3-54, imtial aidhe1 velocity ratios of 0-9, and luminous 
flame lengths of 5-55 mm. The present flames involved both soot- 
fme and soot-contamng flames but the latter were not emitting 
soot and generally did not approach laminar smoke-pomt condi- 
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2) The simplified analysts of nonbuoyant laminar-jet diffusion 
flames in still a11 from Spalding’ provided reasonably good predic- 
tions of flame-sheet shapes of both soot-free and sootcontaming 
flames 111 slow-movmg coflow for um/uf0 < 0.2 and Fr,  =- 5 after 
appropriate selecttons of emplncal parameters for the sunplified 
theory summanzed in Table 2. 

3) Based on present findings about flame-sheet and luminous- 
flame boundanes of nonbuoyant laminar-jet diffusion flm in still 
and coflowing au, flame-sheet and luminous-flame lengths LtlcreaSe 
linearly with fuel flow rates but are relatively independent ofjetcxit 
diameter, pressure, and air/fuel velocity ratio (for flames m coflow). 
Finally. flames m still air are roughly 50% longer than flames m 
reasonably strong coflow (uJufo > 1) at comparable conditions. 

4) Based on present findings about flame-sheet and luminous- 
Aame boundaries of nonbuoyant lammar-jet diffusion flames in sti l l  
and coflowing au, CharaCtenshC flame-sheet and lununous-flame di- 
ameters vary linearly with jetexit diameter and are relatively d e -  
pendent of flow physical properties and jetexit Reynolds numbers. 
For flames having significant coflow levels (ua/ufo z 1). however, 
the charactenstic lununous flame diameters are also proportional to 

5 )  Luminous-flame lengths progressively increased compared to 
flame-sheet lengths as the laminar smoke point was approached for 
nonbuoyant laminar-jet diffusion flames in both still and coflowmg 
air. In both cases luminous-flame lengths at the laminar smoke pomt 
were roughly twlce as long as flame-sheet length as a result of the 
prcsence of hot lurmnous soot particles in the fuel-lean pomons of 
the soot-contairung flames. 

Limitations of the present findings should be noted. as follows: 
these results should be used with caution outside the present test 
range until the results are dehnitively confirmed for longer-tern 
mcrogravity conditions where the intrusion of effects of transient 
flame development and buoyancy are absent (notably. both these 
effects tend to reduce the lumioous flame dimensions6); these re- 
sults were developed for luminous flame shapes and the simpli- 
fied theories should not be assumed to apply to other important 
flame srmcture properties (taoprrahrrrs, velocities. species conen- 
aations, etc.) where good performance of such simplified methods 
has not been established and frankly seems unlikely. 

me square root of Ufo/Ua. 
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